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ABSTRACT 


This report summarizes the results of an assessment of 
several types of high-accuracy tracking systems proposed to 
track the spacecraft in the National Aeronautics and Space 
Administration (NASA) Advanced Tracking and °ata Relay 
Satellite System (ATDRS-S) . Tracking systems based on the 
use of interferometry and ranging are investigated. For 
each system, the top-level system design and operations 
concept are provided. A comparative system assessment is 
presented in terms of orbit determination performance, 
ATDRSS impacts, life-cycle cost, and technologies ns 
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SECTION 1 - INTRODUCTION AND AS S ESSMENT SUMMARY 


The National Aeronautics and Space Administration (NASA) 
Advanced Tracking and Data Relay Satellite System (ATDRS ) 
will be deployed after 1998 as a successor to the existing 
Tracking and Data Relay Satellite System (TDRSS) . ATDRSS 
will provide greatly enhanced data relay and tracking 
services to user spacecraft. Current ATDRSS design 
activities include reevaluation and redesign of TDRSb 
components. As part of this activity, alternative modes for 
relay satellite tracking are being considered. 


Currently, the Bilateration Ranging Transponder System 
(BRTS) is used to track the Tracking and Data Relay 
Satellite (TDRS) with estimated orbit accuracies of about 
150 meters (m) [three standard deviations (3-a) maximum 
uncertainty over the definitive period] . Because the 
tracking of user satellites is performed using a two-way 
link via TDRS, the ultimate accuracy for user orbits is 
limited by the guality of the BRTS-derived trajectories. 

For some planned NASA missions, orbital accuracies of m 
(3-a) are needed for the Advanced Tracking and Data Relay 
Satellite (ATDRS) . Furthermore, BRTS is undesirable because 
it uses a network of ground transponder stations located 
outside the United States and relies on the TDRS user 
service antennas, thereby consuming data relay services when 
TDRS tracking is performed. 


1.1 PURPOSE AND SCOPE 

This report presents a comparative assessment of 
high-accuracy tracking systems for the ATDRSS satellites. 
Four principal alternatives to BRTS tracking are evaluated 
for ATDRSS: a Ku-band ranging system, variants of 

interferometric tracking systems, tracking systems that 
employ the Global Positioning System (GPS) , and tracking 
systems that employ the Precise Ranging and Timing System 
(PRTS) concept. The specifications for these systems are 
presented in sufficient detail to characterize their 
properties. Orbit determination (OD) performance is 
evaluated using covariance analysis techniques and compared 
with BRTS tracking. A preliminary life-cycle cost estimate 
is developed for each system based on current system design 
and operations concepts. An assessment of these systems is 
provided based on the criteria identified in Section 1.3. 
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1-2 ATDRSS TRACKING fiOAT.K 

ATnRqS X fri^ y# the following goals are defined for proposed 
ATDRSS tracking systems: * 


1- A steady-state OD accuracy of better than 75-m 
(3-cr) maximum uncertainty over a definitive 
period of 30 hours under normal conditions for all 
assigned ATDRS orbit locations 

2. Rapid recovery of the ATDRS trajectories after 
maneuvers, with a steady-state performance with 
2 hours of tracking data 

3. All ground stations confined to the continental 
United States (CONUS) 

4. Minimized impact on ATDRSS service functions and 
nontracking operations 

5. Calibrated data available from tracking systems 
suitable for orbit analysis in near real time, with 
minimal personnel during normal operations 

6. Minimized 10-year life-cycle cost 
1-3 ASSESSMENT CRITERIA 


trarktnn C ^vcf rat ^ Ve as ? essment study, each proposed ATDRSS 
tracking system is evaluated based on the following 

sIitiJi a 1 . 2 ? riVed fr0m the ATDRSS trackin 9 seals listed in 


1 . 






ATDRS Positioning Performance 

OD definitive performance criteria consist of a 
,° ta r- P° s ^ tlon accuracy of no worse than 75 m 
(3 a) during 30 hours of tracking determined at 
the end of that interval 


OD predictive performance criteria consist of 
total position accuracy of no worse than 75 m 
(3 a) during the 72 hours of prediction start: 
from 30 hours of previous tracking 


a 

ng 


TR definitive performance criteria consist of a 
P° s ^ tlon accuracy of no worse than 75 m 
(3 a) during 2 hours of tracking determined at 
the end of that interval 
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• TR predictive performance criteria consist of a 
total position accuracy of no worse than 75 m. 

(3 a) during the 24 hours of prediction starting 
from 2 hours of previous tracking 

• Observation staleness [defined as the processing 
delay between the epoch of an observation and its 
availability for orbit analysis at Goddard Space 
Flight Center (GSFC) , ful ly calibrated) ] 

2. ATDRSS impacts — Weight, volume, and power 
requirements of any necessary spacecraft-borne payloads; 
signal generation and power requirements of the ground 
stations and their deployment inside or outside CONUS; and 
operational scheduling requirements 

3. Cost and staffing needs — Staffing requirements of 
the ground stations and 10-year life— cycle cost (estimated 
initial development and capital costs together with 
projected operational and maintenance costs over a 10-year 
interval) 

4. Technology risks — Novel hardware elements or 
improved capabilities required in the ground station or 
spacecraft equipment; new processing algorithms; untested 
calibration techniques; and sensitivity of the estimated 
tracking uncertainties to the assumed values of error sources 

5. External dependencies — Reliance on other systems or 
facilities (e.g., data transfer requirements) 

1.4 DOCUMENT ORGANIZATION 

The remainder of Section 1 of this document is a summary of 
the assessment results presented in Sections 3 through 7 of 
this report. Section 2 discusses key assessment assumptions 
related to the ATDRSS architecture and OD error models. 
Sections 3, 4, 5, and 6 present high-level descriptions and 
assessments of the ATDRS Ku— Band Ranging System (AKuRS) , 

PRTS and Modified PRTS (MPRTS) , interferometric tracking 
systems based on either very long baseline interferometry 
(VLBI) or connected element interferometry (CEI), and the 
Global Positioning System (GPS),' respectively. Section 7 
provides a comparative assessment of each of these systems 
with respect to the assessment criteria defined in 
Section 1.3. 
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Appendix A contains a detailed description of the error 
models and OD error analysis studies performed in support of 
this study. Appendix B to this document provides a detailed 
description of the interferometric tracking systems and 
associated life-cycle costs summarized in Section 5. 

Appendix C provides a derivation of the noise levels 
associated with the PRTS, MPRTS , and AKuRs measurements. 
Appendix D provides life-cycle cost results for the 
ATDRS/GPS tracking system. References 1-1 through 1-5 
provide the detailed descriptions and life-cycle cost 
results for the PRTS baseline system and a modification 
thereof (MPRTS), respectively, summarized in Section 4. 
Appendix E provides updates to these results. 

1.5 ASSESSMENT STIMMARV 

This section summarizes the results of the analyses 
presented in Sections 3 through 7 of this report. Each 

fvstem is briefly described and assessed in terms 
of the criteria presented in Section 1.3. 

1.5.1 TRACKING SYSTEMS 


This study addresses four alternative ATDRS tracking 
concepts; (1) a Ku-band ranging system similar to BRTS , 

(2) ATDRSS beacon-based ranging systems employing the PRTS 
signal structure, (3) VLBI and CEI interferometric tracking 
systems, and (4) GPS-based tracking systems. Table 1-1 
summarizes the major characteristics of the specific 
tracking systems studied. Each of the tracking concepts and 
the associated tracking systems is briefly discussed in the 
following subsections. 


1.5. 1.1 AKuRS 

AKuRS relies on observation of a Ku-band navigation beacon 
designed to support one-way navigation by ATDRSS users. 
Tracking of the ATDRSS satellites is accomplished by a 
network of ground stations that observe the Ku-band beacon 
and generate coherent return signals for transmission back 

nL th6 i, ATDR f? Grou ? d Terminal (AGT) . Three ground tracking 
network configurations are evaluated; ( 1 ) a CONUS-based 

? an intermediate-baseline network that has two 

?HAw?° N ^nri 1 ??? tl0 ? S ~~ R K ykja ^ lk/ Iceland (KEY), and Hawaii 
(HAW *' a )} d a long-baseline network that has three 
non-CONUS locations— Ascension Island (ACN) , Guam (GWM) and 
American Samoa (AMS). v ' a 
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Two-way range and range-rate measurements are extracted by 
the AGT from these signals for use in ATDRS OD. The concept 
is similar to BRTS ; however, whereas BRTS requires scheduled 
two-way S-band service, Ku-band ATDRS tracking is supported 
by a continuously available beacon and a Ku-band dedicated 
return channel to avoid burdening ATDRS Ku-band single 
access (KSA) services. Moreover, Ku-band operation 
significantly diminishes the effect of ionospheric delays, 
thereby improving ATDRS OD performance relative to that 
provided by comparable S-band BRTS networks. 


1.5. 1.2 


Pre cise Ranging and Timing Systems 


PRTS comprises a continuously available S-band navigation 
beacon transmitted by each ATDRS and a network of ground 
tracking stations capable of making one-way pseudorange and 
pseudorange-rate measurements of the PRTS beacon. Periodic 
return ATDRSS communications from the PRTS ground stations 
are required for network synchronization and relay of the 
tracking measurements. The PRTS beacon signal structure and 
signal processing combine aspects of both PN and tone 
l a ^l ng J° al ^°V precise one-way range measurements and 

SowJc 1 ? 11 ° f lon ? s P heric and group delays. Observation of 
the PRTS beacon emitted by the ATDRSS satellites would 

ATnpQQ fc b ° th ATDRSS 00 and one-way forward navigation by 

nlUKbO US6IS * 


MPRTS is similar to baseline PRTS except that, for ATDRSS 
of'th^P?^ U ! d stations coherently turn around a component 
?£ bh ® PRTS beac ° n si gnal structure to allow measurement of 
two way range and range-rate at the AGT. The MPRTS ground 

that ?S S Ao thUS 4 i ranarait a return signal back to the AGT 
with Jho 9 ^ enerated coherent in carrier phase and PN epoch 
with the received PRTS beacon signal. The full PRTS beacon 
signai structure is used by the MPRTS ground stations to 
signal path delay due to the ionosphere; then 

signal M?R?s e ?Jpr^ e sent to the AGT as data on the return 
rlnnl L n * thereby provides a means to obtain two-way 

correct ion r of 9 th*» abe meaaur< r me " ts at S-band while allowing 
- f th i° n ospheric delay contributions. Two-way 
range and range-rate measurements imply that the 
measurements are made solely with respect to the AGT clock* 
system clock biases, therefore, do not contribute to the OD 
error. Like PRTS, MPRTS offers ATDRSS users an option f Q ? 

l“Lon e ;r g a Lr Vigati ° n thr0U9h PreCiSe trackin * of 

baseline network that has 2 non-CONUS locations— ACN and 
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HAW; and (3) a long-baseline network that has 4 non CONUS 
locations— ACN, REY, GWM, and AMS. 

1.5. 1.3 interferometric System s 

Three distinct interferometric systems were evaluated. Each 
is described briefly in the following. 

The quasar-calibrated very long baseline interferometry 
(VLBI-Q) system consists of a CONUS-based VLBI-Q tracking 
network that can observe signals from quasars and track 
ATDRS using the Ku-band space-to-ground link (SGL) . By 
using observations of quasars lying near ATDRS in the sky, 
the VLBI-Q quasar system is able to reduce or eliminate 
clock calibration errors. 

The quasar— calibrated connected element interferometry 
(CEI-Q) system consists of several receivers able to perform 
interferometric measurements on ATDRS in a manner similar to 
the VLBI-Q systems, except that the CEI-Q receivers are 
separated by relatively short baselines and are connected by 
cables. The direct connections between the elements 
essentially eliminate the clock errors of the VLBI-Q 
systems. One CONUS-based CEI-Q network is needed to support 
each ATDRS. 

The two-satellite VLBI (VLBI-2S) system is a VBLI network 
that uses a second geostationary satellite (possibly another 
ATDRS satellite) positioned midway between the east ATDRS 
(ATDRS-E) and west ATDRS (ATDRS-W) satellites. The purpose 
of this second satellite is determination of the clock 
synchronization. The VLBI-2S system will track the two 
satellites and solve for the orbits of both satellites and 
for the clock corrections simultaneously. The 
three-satellite VLBI (VLBI-3S) system is an extension of the 
VLBI-2S system to track three ATDRS satellites and solve for 
the orbits of all three satellites and the clock correction 
simultaneously. The Ku-band beacon VLBI (VLBI-Ku) system is 
similar to VLBI-2S except that a Ku-band beacon on each 
ATDRS satellite is observed by a set of three ground 
stations . 

Three interferometric systems were studied that make use of 
GPS. The GPS time transfer calibrated VLBI (VLBI-GT) system 
uses GPS for time synchronization of the ground stations. 

The coded GPS calibrated VLBI (VLBI-GC) system combines 
VLBI-2S measurements with GPS range difference measurements 
derived from the decoded GPS signal. The hybrid GPS 
calibrated VLBI (VLBI-GH) system combines VLBI-2S 
measurements with interferometric tracking of the GPS 
broadcast signal. 
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Each of these systems can be supplemented with ground 
terminai (GT) ranging data to improve OD performance over 
short tracking arcs. 

1.5. 1.4 GPS-Based Systems 

Three GPS-based tracking systems were evaluated for ATDRS 

tr ^ ing * . The direct ATDRS/GPS tracking system (GPS-D) uses 
a GPS receiver onboard the ATDRS satellite to measure 
pseudorange and pseudorange-rate from the broadcast GPS 
signal. These measurements are relayed to the master 
station for orbit determination processing. The passive 
differ entia i ATDRS/GPS tracking system (GPS-PD) uses the 
I X S f ^f n w eS between simultaneous ATDRS beacon pseudorange 
and GPS beacon pseudorange measurements obtained at the 
master station and two remote stations. The direct 
differential ATDRS/GPS tracking system (GPS-DD) uses the 
i erences between simultaneous GPS beacon pseudoranqe 
measurements obtained onboard ATDRS with measurements 
amed at the master station and two remote stations. 

1.5.2 ASSESSMENT CONCLUSIONS 

Each of the tracking systems described in Section 1 . 5.1 was 
evaluated against the criteria defined in Section 1.3 . 
Assessments given here are described in more detail in 

Tah? t6 ^ o ’ T h ? ? vera11 assessment is presented in 
Tame 1-2. A brief summary of the findings follows. 

nnai \'e ATPRS — EflSiti&D — Accuracy The positioning accuracy 
provide orbit accuracies of 75 m (3 a) for both 
°V™ 7* scenarios. The nominal OD scenario 
of 3 P hours of tracking and up to 3 days of 
So to l 1 ^ ”£ erea ?. T J. consists of 2 hours of tracking and 
. ^ y . Predict ion . These scenarios were chosen to 

be representative of expected ATDRS S operational satellite 
tracking requirements. satellite 

showed t thp n h^J° NUS ^ baSed ranging systems, the AKuRS system 
showed the best performance, meeting all positionina aoal<? 

o£lv n for C th^ S PR !v MPRT ? systems fail fc o meet the 9 goals 
comi* hLlx predictive period in the OD scenario. The 

nr>Ji S based ran 9 mg systems do not come close to meetinq the 
goals for the TR scenario, demonstrating the importance^ 
station position geometry for short arcs. 

The GPS-D system meets the performance goal only in the 

l ? e ? 10d for the OD scenario. The GPS-PD system 
looked promising; however, because of limitations of Y 

estimated^ YS1S t0 ° 1S ' n ° ATDRS V° siti ° n ™9 results were 
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The VLBI-Q tracking system meets the tracking goals for 
definitive and prediction periods in the OD scenarios 
without supplemental ranging from the AGT. However, such 
ranging in the TR scenario is mandatory for optimal 
performance that still falls short of the study goals. 
Conversely, the CEI-Q tracking system requires GT ranging in 
the OD scenario and is inadequate in the TR scenario. 

VLBI-3S meets the study goals in the OD scenario given 
troposphere height solutions as part of the OD process. 
However, GTR (ranging) is required to reach the TR tracking 
goals. VLBI-2S did not perform as well, making VLBI-3S the 
choice between these two systems. The VLBI-Ku system met 
every tracking goal except predictions in the TR scenario. 

The tracking performance of the multiple GPS-assisted 
systems VLBI-GC and VLBI-GH were found to be similar to each 
other. Accurate definitive period orbits require GTR in the 
OD scenario and are unattainable in the TR scenario. 
Predictive period performance is insufficient in either 
scenario. The VLBI-GT system did not meet any of the 
tracking goals in either scenario. 

2. ATDRSS Impacts — Table 1-1 identifies the primary 
ATDRSS services required by each tracking system. PRTS and 
MPRTS cause impacts on the ATDRSS due to the need to support 
the PRTS signal structure on the S-band navigation beacon. 
AKuRS requires a Ku-band beacon to be added to the ATDRS . 
GPS-PD requires use of either the S-band or Ku-band beacons 
of (M)PRTS or AKuRS. All these ranging systems require an 
ATDRSS return channel. GPS-D and GPS-DP require a GPS 
receiver be added to each ATDRS. Interferometric systems 
generally require GTR to support TR, a system already 
present. but not fully utilized in the TDRS . VLBI-Ku 
requires a separate Ku-band beacon be added to the ATDRS. 

3. Cost and Staffing Needs — The relative costs of the 
tracking systems studied are given in Table 1-2. The least 
expensive systems are the GPS-based ranging systems. Next 
are the PRTS-based and multiple-satellite interferometry 
(e.g., VLBI-2S) systems. AKuRS and the quasar-calibrated 
interferometric systems cost the most. Staffing for the 
interferometric systems is generally three times as great as 
for the ranging systems. 

4. Techno logical Risks — Technological risk is believed 
to be low for all the tracking alternatives, with the 
possible exception of the multiple-satellite interferometric 
systems. These systems require untested troposphere height 
solutions during the OD process and may be subject to 
performance degradation during rainy weather. 
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5 . Fvternal System Depen dencies— PRTS and MPRTS have 
one external dependency. If the return link from the remo 
stations is not available, a relatively low bandwidth NASA 
Communications Network (Nascom) link will have to be used 
a secondary command link for system reconfiguration. In 
addition, PRTS will use this link for the transfer of timing 
information. The VLBI-Q system has a requirement for a hl 9 h 
bandwidth (32Mb/s) data link from the remote sites to the 
central processing facility. Because much less data is 
required, a much lower bandwidth connection with caching can 
be used for the VLBI-S system. The CEI-Q system is not 
constrained by data transport requirements. 


GTR from each ATDRS to the AGT is required at some level for 
all interferometric tracking approaches. An a prion 
ephemeris is required for the CEI-Q system to resolve phase 
ambiguities encountered while processing the first data from 
a new orbit. 


1.5.3 RECOMMENDATIONS 

Summarizing the above, no system studied meets all of the 
study goals. There are three possible responses to this. 

• Change (i.e., relax) the study goals 

• Study the present systems more thoroughly (perhaps 
yielding a positive result) 

• Consider different tracking systems 

The most promising systems studied that can be used as a 
basis for further analysis are AKuRS, MPRTS, VLBI-3S , and 
VLBI-Ku . In addition, an enhanced version of the present 
BRTS system that also uses GTR is being considered in 
another study (Reference 1-5). 
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SECTION 2 - ASSESSMENT ASSUMPTIONS AND CONSIDERATIONS 


ATDRSS is the proposed follow-on to the current TDRSS; its 
architecture and user services remain to be fully 
determined. This section discusses the five candidate 
ATDRSS architectures and identifies the configuration chosen 
as the baseline for this assessment study. In addition, 
error modeling assumptions used in the tracking performance 
analysis are summarized. 

2.1 ATDRSS ARCHITECTURE OPTIONS 


Considerations and assumptions in the development of the 
ATDRSS architecture include ATDRSS user and NASA Space 
Network perspectives. The ATDRSS architecture must support 
growth in the required number of communications channels 
with improved service access availability. Potential 
enhancements to user services in the Space Station era 
include improved link efficiency, closure of the 
zone-of-exclusion, direct data distribution to user 
terminals, support of data rates beyond 300 megabits per 
second (Mbps), near-real-time demand access, support of more 
than two users in proximity operations, and support of 
autonomous navigation. 

At the same time, the transition to ATDRSS should be 
transparent to the user community and reflect the best 
compromise between minimum cost and risk to obtain maximum 
performance, flexibility, and robustness. The ATDRSS 
architecture should maintain spacecraft visibility to CONUS, 
should utilize the existing White Sands Ground Terminal 
(WSGT) and Second TDRSS Ground Terminal (STGT) facilities, 
and should retain use of Ku-band in the space-to-ground link 
(SGL) frequency plan, evolving to use of Ka-band only if 
required. 

Subject to these considerations, five candidate ATDRSS 
architectures have been developed (Reference 2-1), providing 
a range of potential system capabilities with concomitant 
increases in cost and risk. The five options have been 
labeled the TDRSS/Cluster , Augmented, Augmented with 
Distributed Ground Terminals, X-Link [interoperability 
(I-O)], and X-Link [Tracking and Data Acquisition System 
(TDAS)] architectures. Their salient features are 
summarized in Table 2-1 and illustrated in Figure 2-1. 

Each of these five architectures has been assessed in terms 
of associated user benefits and impacts, technology risk. 
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Figure 2-1. ATDRSS Architecture Options 
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operational risk and robustness, network operability, space 
and ground segment transition scenarios, and future growth 
flexibility and presented to NASA for consideration. 
Currently, the Augmented architecture has been chosen as the 
reference ATDRSS architecture by the ATDRSS Study Project 
(Reference 2-2) and is being used in the preliminary 
development of ATDRSS specifications. 

This reference ATDRSS architecture has been selected for 

lut * d ™ C ® d tra cking systems study. It has been assumed 
that ATDRS-E and ATDRS-W are in the current TDRSS 
geosynchronous orbital slots of 41 and 171 degrees west 
longitude, respectively, with the spare ATDRS Central 
(ATDRS-C) satellite located at 106 degrees west longitude. 

2.2 TRACKING PERFORMANCE ERROR ANALYSIS 

The OD performance of candidate ATDRS tracking systems was 
analyzed using the Orbital Analysis (ORAN) program 
(Reference 2-3) . The ORAN program is designed to simulate a 
satellite OD process and analyze the random and systematic 
errors involved in such a process. ORAN simulates a 
Bayesian least-squares data reduction for orbital 
trajectories. ORAN does not process measurement data but is 
intended to compute the accuracy of the results of a data 
reduction if measurements of a given accuracy are- available 
and are processed in a least-squares data reduction 

e f am i n ? S the effects of unmodeled, systematic 
nn Jnv «I\, the s ° 1 ' r ®^~ for satellite position and velocity and 
on any other satellite parameters that are estimated in the 
least-squares OD process. 

ORAN input consists of all the information needed to specify 
the geometrical and dynamic models for the OD process such 

aa ! atel “ te °F bital Parameters, satellite^reaf tc-mass 
ratio, drag and solar radiation coefficients, tracking 
station locations, types of tracking measurements, and their 

and pr ® cisi ? n - Th e satellite parameters used in 
this study are shown in Table 2-2. 

allows the in Put of systematic errors 
associated with numerous physical and geometrical parameters 

oofi^"n C ^ PUte , the . ef£e f tS o£ each er?or «» sa^Uite 
position and velocity estimates. This isolation of the 

effects due to various systematic error sources is not 
possible in an actual OD run. 

mnrLf°£ Ce ?£ del Parameters, which constitute the dynamic 
del for the satellite, are (1) the gravitational constant 
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Table 2-2. ATDRS Satellite Parameters 


Epoch time 

Keplerian elements 

Semimajor axis 
Eccentricity 
Inclination 
Right ascension 

of the ascending node 

Argument of perigee 
Mean anomaly 

ATDRS area/mass ratio 
ATDRS coefficient of 
reflectivity 


1980 March 01 Oh 0m 0.0s 


42166663.000 meters 
0.0000245 

0.5 degree 

319.00 degrees (ATDRS-E) 

189.00 degrees ( ATDRS-W) 

254.00 degrees (ATDRS-C) 
0.0 degrees 

158.9252 degrees 

0.0227 [m^/ki lograms (kg)] 
1.4 


of the Earth (GM) ; (2) the geopotential coefficients and their 
associated errors, which measure the probable overall error in 
the harmonic coefficients of the Earth's gravitational field; 
and (3) the solar radiation pressure coefficient (Cr) , which 
is proportional to the solar radiation force used in the 
satellite dynamic model. Additional parameters that are not 
force model parameters (i.e., they do not affect the value of 
the force on the satellite) but are independent of the type of 
measurements are the polar motion X and Y values and the 
difference between Atomic Time (Al) and Universal Time (UT1) : 
A1 - UT1. All three parameters are involved in the 
transformations made between the satellite's inertial system 
of coordinates and the Earth-fixed, rotating system of 
coordinates in which the measurements are taken. The errors 
in the force model and other measurement-independent 
parameters used in this study, shown in Table 2-3, are 
representative of a performance level projected for the 1995 - 
2000 timeframe. 

All OD error-analysis runs in this study used the satellite 
and force model errors defined in Tables 2-1 and 2-2. The 
measurement time span for all systems ranged from 1 hour to 
30 hours, with 30 hours considered the nominal data span for 
routine OD operations. The shorter arcs of 1 and 2 hours were 
used to study the capability of the tracking system for TR. 

The measurement-related parameters used varied depending on 
the system under study, but the major parameters were the 
station location errors, the measurement biases, the clock 
synchronization errors, and atmospheric refraction effects. 
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Detailed discussion of these errors, the values used for 
each system, and the error analysis results are presented i 
Appendix A. 


Table 2-3. Measurement Independent Errors 


Model parameter 


Uncertainty (3 -a) 


GM 

Gravity model 
difference 


C R 

Polar motion X 
Polar motion Y 
A1 - UT1 


6 x 10 8 (fractional error) 
135% of (GEM10 - GEM7) 

2 % 

0.015 arcsec 
0.015 arcsec 
0.09 arcsec 
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SECTION 3 - ATDRS KU-BAN D TRACKING SYSTEM 


The AKuRS relies on observation of a Ku-band navigation 
beacon designed to support one-way navigation by ATDRSS 
users. Tracking of the ATDRSS satellites is accomplished y 
a network of ground stations that observe the Ku-band beacon 
and generate coherent return signals for transmission back 
to the AGT. Two-way range and range-rate measurements are 
extracted by the AGT from these signals for use in ATDRS 
OD. The concept is similar to BRTS , which currently supports 
TDRS tracking. Whereas BRTS requires scheduled two-way 
S-band service, Ku-band ATDRS tracking is supported by a 
continuously available beacon and a Ku-band dedicated return 
channel to avoid burdening ATDRS Ku-band single access (KSA) 
services. Moreover, Ku— band operation significantly 
diminishes the effect of ionospheric delays, thereby, 
improving ATDRS OD performance relative to that provided by 
comparable S-band BRTS networks. 

3.1 AKuRS DEFINITION 

This section provides an overview of the AKuRS architecture 
and operations concept, describes the Ku-Band navigation 
beacon and return signals and the associated ATDRS links, 
discusses the ground station requirements, and considers 
several tracking network options. 

3.1.1 ARCHITECTURE AND OPERATIONS CONCEPT 

The AKuRS depicted in Figure 3-1 relies on two-way range and 
range— rate estimates made by the AGT and a network of ground 
stations to track the ATDRSS satellites. The tracking 
system is effectively a Ku-band version of the S-band BRTS, 
thereby taking advantage of the minimal ionospheric delays 
experienced by Ku-band signals. In addition, the Ku-band 
signal is designed to support both one-way ATDRSS user 
navigation and ATDRSS tracking without affecting KSA user 
services . 

A navigation beacon is generated by the AGT for each ATDRSS 
satellite and relayed via the ATDRSS uplink to each ATDRS. 
The beacon and return signals required by the AKuRS will be 
uplinked and downlinked at either Ka- or Ku-band, depending 
on the future allocation. To avoid potential interference 
among the beacons emitted by different satellites, 
independent beacon signals are transmitted to each of the 
ATDRSS satellites using different PN codes. After 
appropriate frequency translation and amplification onboard 
the satellite, the Ku-band signal is emitted by each ATDRSS 
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Figure 3 1 . AKuRS Architecture 




as a continuously available navigation beacon providing 
Earth and ATDRSS user coverage. 

A network of AKuRS ground stations observes the Ku-band 
beacon. Each ground station is capable of receiving the 
signal and transmitting a coherent return signal back to the 
AGT via a dedicated Ku-band channel. Coherent turnaround of 
the beacon requires that the return signal use the recovered 
beacon carrier as its frequency reference and that the 
return signal’s epoch be synchronized with the received 
beacon signal epoch. The Ku-band return signal is processed 
by the AGT to yield two-way range and range-rate estimates, 
as illustrated in Figure 3-2. Measurements are relayed to 
the Flight Dynamics Facility (FDF) , which is responsible for 
ATDRSS OD. When a minimum of two ground stations are used 
to observe the beacon from each ATDRSS satellite, the 
satellite orbit may be determined through mult i lateration . 

The beacon's navigation message includes data to support 
one-way navigation, ATDRSS system health, and commands to 
the tracking network as supplied by the Network Control 
Center (NCC) . The station executive at each ground station 
monitors the beacon navigation message, extracting pertinent 
data and responding to commands. Return data prepared by 
the ground stations is time-tagged and relayed back to the 
ground terminal on the return path of the coherent two-way 
link. 

The ground stations are designed to preclude the need for 
resident staffing by relying on computer automation to 
perform routine functions, with service technicians 
dispatched as needed to repair and maintain station 
elements. The station executive is programmed to diagnose 
station abnormalities, correct those it can, and notify the 
ground terminal concerning those it cannot. Should the 
beacon be lost, the station executive is programmed to 
access the ground terminal through Nascom link for further 
instruction. Station equipment failure and periodic 
maintenance are handled by trained personnel, who are 
dispatched to the stations as needed to perform routine 
maintenance, delay calibration, and station location surveys. 

3.1.2 Ku-BAND NAVIGATION BEACON SIGNAL 

Many different criteria might be applied in defining a 
Ku-band beacon, but this study has assumed that the Ku-band 
beacon should have the following characteristics: 

• Be as compatible as possible with the current TDRSS 
KSA forward service 
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TWO-WAY RANGE OBSERVATION: 

R i*( |0 Ul + (0 DL + <°Fi + OBS. ERROR,) 

i- 1. 2. ... 




o 

GROUND 

STATION 



o 

ATDRSS 

GROUND 

TERMINAL 


SOURCES OF OBSERVATION 
ERRORS 


IONOSPHERIC DELAY 
TROPOSPHERIC DELAY 


SYSTEMATIC DELAY 


o 

GROUND 

STATION 


METHOD OF MITIGATION 


USE OF K-BAND CARRIER FREQUENCIES 

METEOROLOGICAL MEASUREMENTS AND 
DELAY MODELING AND/OR WATER 
VAPOR RADIOMETER DATA 
INCLUDED ON RETURN LINK 

STATION CALIBRATION; ON-BOARD 
CALIBRATION OF ATDRSS SATELLITES 


STATION POSITION UNCERTAINTY ACCURATE SURVEYS 


MEASUREMENT AMBIGUITY 


PROCESSING OF THE BEACON SIGNAL 
STRUCTURE 


Figure 3-2. AKuRS Measurement Model 
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Provide 

one-way 


sufficient data to fully support 
orbit and time determination by 


onboard 
ATDRSS users 


Use a fixed transmit 
uniform and rational 
epochs referenced to 
time units 


frequency and provide a 
time base with the signal 
calendar epochs in standard 


The Ku-band signal structure has been developed in the same 
manner as the recommended ATDRSS S-band navigation . beacon 
(Reference 3-1) to support one-way ATDRSS user navigation. 
If the Seacon were merely to support the AKuRS alone, many 
of the features discussed here would not be necessary. 

Consistent with TDRSS specifications, the ATDRSS navigation 
beacon uses a dual-channel (range and command) signal 
structure as outlined in Table 3-1, with a long PN code for 
the range channel and a short code for the data-modulated 
command channel. The long and short PN codes are related 
assist in signal acquisition, with the range channel lo g 
code constructed from a cyclic repetition of the 
command-channel short code. An unmodified version of the 
short code appears within the long code once per long-code 
period to define the all-1* s epoch of the long code. 
Acquisition of the command-channel code phase may thus be 
accomplished by searching the entire 1023-chip short-code 
cycle, whereas the range-channel code phase may then be 
found by searching only the 256 long code positions 
corresponding to the embedded short— code epochs. 


The Ku-band beacon relies on the known synchronous 
relationship between the signal's data and PN code to 
support time transfer and the resolution of range 
ambiguity. The command-channel data provides a coarse time 
reference to resolve initial range ambiguities, the 
range-channel pseudorandom noise (PN) code allows 
ambiguities to be resolved further; and the command-channel 
PN code phase provides fine time resolution to a few percent 
of the PN chip duration. Furthermore, the beacon 
establishes a rational and uniform time base by relating the 
PN code and data rates to an integer number of seconds and 
hours, days, and weeks. 


The nominal TDRSS KSA forward transmit frequency is 
specified as 13.775 gigahertz (GHz), ± 0.7 megahertz (MHz) 
(Reference 3-2), with the command- and range-channel PN chip 
rates related to the carrier frequency by a factor of 
31/(1469 x 96). The Ku-band beacon signal parameters 
specified in Table 3-1 stipulate a carrier frequency offset 
from the TDRSS nominal value by 224320 hertz (Hz) so that 
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Table 3 1. Ku-Band Navigation Signal Parameters 



PARAMETER 

DEFINITION 

TRANSMIT CARRIER FREQUENCY (Hz) 



F r = 13.77522432 GHz 

CARRIER FREQUENCY ARRIVING AT USER 


SPACECRAFT (Hz)* 

•k 

( ■SgMMAfty CHANNEL RADIATED POWER \ 
RANGE CHANNEL RADIATED POWER ' 

+ 10 dB 

RANGE CHANNEL 


CARRIER FREQUENCY 

COMMAND CHANNEL CARRIER FREQUENCY 
DELAYED k/2 RADIANS 

PN MODULATION 

PSK, ±*/2 RADIANS 

CARRIER SUPPRESSION 

30 dB MINIMUM 

PN CHIP RATE 

SYNCHRONIZED TO COMMAND CHANNEL PN 
CHIP RATE 

PN CODE LENGTH (CHIPS) 

I 0 

(2 • 1) X 256 (LONG CODE) 

PN CODE EPOCH REFERENCE 

ALL l‘S CONDITION SYNCHRONIZED TO THE 
! COMMAND CHANNEL PN CODE 

PN CODE FAMILY 

TRUNCATED IS STAGE SHIFT REGISTER 

COMMAND CHANNEL 

SEQUENCES 

CARRIER FREQUENCY (Hz) 

TRANSMIT CARRIER FREQUENCY (F ) 

PN MODULATION 

c 


PSK, ±it/2 RADIANS 

CARRIER SUPPRESSION 

30 dB MINIMUM 

PN CODE LENGTH (CHIPS) 

.1 0 

2 • I (SHORT CODE) 

PN CODE FAMILY 

GOLD CODES 

PN CHIP RATE (CHIPS/SEC.) 

31 

1469 X 96 c 

DATA FORMAT 

NRZ 

DATA RATE 

1 Kbps 

DATA MODULATION 

MODULO-2 ADDED SYNCHRONOUSLY TO °N CODE 


1 • IF THE REFERENCE POINT FOR F c IS THE ATDRSS GROUND TERMINAL, 
THEN F R WILL INCLUDE BOTH SGL AND USER DOPPLER OFFSETS. 
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4625 long-code cycles equal 400 seconds (sec). The first PN 
epoch of a 400-sec block is thus coincident with 20-minute 
epochs, dividing an hour into thirds and providing users 
with calendar compatibility. With a 1 kilobit per second 
(kbps) data rate, the minimum allowed TDRSS value, 

200 frames of 2000 bits define a 400-second block, as shown 
in Figure 3-3. The frame synch word of the leading data 
frame in each block of 400 sec is coincident with a long PN 
code epoch; for other data frames within a block, the time 
interval between the synch word and the next PN epoch is a 
known variable, depending on which data frame is under 
consideration. In this manner, the frame sync word provides 
a coarse time reference pointing to a time-tagged PN epoch. 

These features of the Ku-band navigation beacon support 
one-way navigation by ATDRSS users. For ATDRS tracking, 
however, the signal is received by each ground station and a 
return signal coherently generated with the return signal's 
PN epoch synchronized to the received beacon signal's 
epoch. Coherent generation of the return signal requires 
carrier tracking of the beacon at the ground stations to 
provide a root mean square (rms) phase error less than, for 
example, 5 degrees. Such performance corresponds to a 
carrier loop signal-to-noise ratio (SNR) of approximately 
22.6 dB (Reference 3-3). 

Table 3-2 provides a representative link budget for the 
ATDRS-to-t racking-station link. The link budget 
conservatively assumes a 500° kelvin (K) noise temperature 
for the tracking station low noise amplifier (LNA) and a 
rain margin of 6 decibels (dB) . Moreover, the ground 
station antenna gain is assumed to be 23 dB, representing a 
Ku-band aperture that, analogous to the S-band BRTS system, 
provides a two-sided beamwidth of approximately 15 degrees. 
The size of such a Ku— band aperture would be on the order of 
10 centimeters (cm) such that the resultant beamwidth allows 
the ground station to receive and transmit to ATDRS under 
nominal conditions without antenna pointing after initial 
installation. If a larger ground station antenna were used, 
higher gain would be achieved but might require an 
additional tracking system to follow the ATDRSS navigation 
beacon. 

To support ATDRSS users as well as the AKuRS network, the 
two-sided beamwidth of the Ku-band beacon is assumed to be 
26 degrees. The ATDRS Ku-band aperture would therefore be 
less than 10 cm to provide a gain of approximately 18 dB 
along the boresight. The link budget of Table 3-2 then 
assumes 40 watts (W) of transmit power to illustrate how the 
necessary Eb/NO and carrier loop SNR at the ground station 
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T = 400 SEC/2 SEC DATA FRAMES (1000 BPS) 


DATA FRAMES 



COINCIDENT 
RANGE 
CHANNEL 
PN EPOCH 


Figure 3-3. Ku-Band Beacon Data 
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Table 3-2 


Ku-Band Navigation Beacon Link Budget 


LINK ELEMENT 

VALUE 

COMMENTS 

(1) ATDRS BEACON EIRP (dBW) 

33.8 

O 40W (16 dBW) Ku-BAND NAV BEACON 
XMIT POWER (REPRESENTATIVE VALLE) 

O ANTENNA GAIN s 17.8 dB CORRE- 
SPONDING TO 26* BEAMWIDTH 

(2) PATH LOSS (dB) 

207.6 

O Ku-BAND (-14 GHz) 
O RANGE s 41000 KM 

(3) RECEIVE ANTENNA G/T 

(dB/*K) AT TRACKING STATION 

-4.0 

O ANTENNA GAIN 5 23 dB CORRE- 
SPONDING TO IS' TWO-SIDED 
BEAMWIDTH 

O NOISE TEMPERATURE: 500*K 

(4) BOLTZMANN’S CONSTANT 
(dBW/Hz-*K) 

-228.6 


(S) IMPLEMENTATION LOSS (dB) 

3.0 

ASSUMED VALUE 

(6) RAIN MARGIN (dB) 

6.0 

ASSUMED VALUE 

(7) RECEIVED C/N 0 (dB-Hz) 

41.8 

(1) - (2) + (3) - (4) - (5) • (6) 

(8) BEACON DATA RATE (dB-Hz) 

mm 

1 kbps, SUPERIMPOSED ON BEACON 
COMMAND CHANNEL PN CODE 

(9) E b /N 0 (dB) 

11.8 

O (7) - (8) 

O 10 ‘ 5 BER REQUIRES 

. 9.6 (UNCODED) 
> < 

1 4.6 (CODED) 

(10) CARRIER LOOP SNR (dB) 

24.8 

O 50 Hz LOOP BANDWIDTH 
(17 dB-Hz) 

O (7) - 17 dB-Hz 

O RMS PHASE ERROR OF S’ 
REQUIRES SNR ; 22.6 dB 


93JM1KC/0 11/9- 1-88 
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may be achieved. Many trade-offs exist between the onboard 
and ground station requirements, but any reduction in ATDRS 
effective isotropic radiated power (EIRP) must also be seen 
m terms of the associated impact to ATDRS S users. For 
example, the ATDRS EIRP should be sufficient to allow users 
to observe the Ku-band navigation beacon successfully 
without requiring high-gain antennas, especially because 
such high-gain antennas may require a tracking system to 
maintain the navigation beacon in view. 

3.1.3 AKuRS RETURN SIGNAL 


The AKuRS return signal is intended to support two-way 
communications as required for ATDRS tracking. To avoid 
burdening the KSA return system, a dedicated Ku-band return 
channel is provided with the beacon emitter diplexed as a 
receive antenna. The signal structure is given in Table 3-3 
and is meant to be as compatible as possible with the 
current Mode 1 TDRSS KSA return signal. The return signal 
/cr,DM^ S ® d ual-channel staggered quadriphase pseudonoise 
(SQPN) signal with transmit frequency coherently related to 
the beacon receive frequency by the coherent turnaround 
ratio. The epoch of the signal's PN code is similarly 
synchronized to the received PN code epoch of the beacon 

, Th u coherent turnaround ratio is not specified in 
Table 3 3, however, pending determination of an appropriate 
frequency allocation. The current KSA return service 
allocation is not employed because its use may create 
interference problems with ATDRSS KSA users. 

Table 3-4 provides a representative link budget for the 
trackmg-station-to-ATDRS link, assuming that the ground 
station receive antenna is diplexed to transmit the Ku-band 
return signal. The ground station transmit antenna is 

? }?? ge beamwi dth to avoid antenna tracking 
of the ATDRSS satellites, consequently providing less gain 9 

SS aSSJ kS S!SJ X S e be aChie r ed With a lar9er a P er ture . If 

e ATDRS Ku band beacon aperture provides a gain of 17 8 dB 

h^' a C n«' erV ? tlVely ' the ATDRS Ku “ band dedicated channel LNA 
has a noise temperature of 500° K, then the ATDRS 

gain/noise temperature (G/T) is -9.2 dB/K. with these 
assumptions, the link budget demonstrates how a ground 
station transmit power of 17 decibel watts (dBW) (50 W) 

ATDRS np a i^ Eb/N !v, and carrier loop SNR requirements at the 
ATDRS, neglecting the relatively strong ATDRS-to-ground link. 

Although the indicated EIRP from the Ku-band tracking 

fi -3^ lly achieved ' thi s level of power over a 

6 MHz bandwidth may pose interference problems for KSA 
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Table 3-3. 


AKuRS Return Signal Parameters 


PARAMETERS 

DEFINITION 

TRANSMIT CARRIER FREQUENCY (Hi) 

K i x f r (NOTE b 

PN MODULATION 

SQPN 

PN CHIP RATE 

Kj X F r (NOTE 2) 

PN CODE LENGTH (CHIPS) 

(2 1 0 - 1) X 256 (LONG CODE) 

PN CODE EPOCH REFERENCE 


I CHANNEL 

SYNCHRONIZED TO EPOCH OF RECEIVED 
FORWARD LINK RANGE CHANNEL 

Q CHANNEL 

Q CHANNEL EPOCH DELAYED BY (X + 1/2) 

PN CHIPS RELATIVE TO I CHANNEL EPOCH, 
WHERE X £ 20,000 AND THE Q CHANNEL PN 
CODE IS IDENTICAL TO THE I CHANNEL CODE 

PN CODE FAMILY 

TRUNCATED 18-STAGE SHIFT REGISTER 
SEQUENCES 

DATA FORMAT 

NRZ 

DATA RATE 

1 kbps, IDENTICAL DATA ON BOTH CHANNELS 

DATA MODULATION 

MODULO-2 ADDED SYNCHRONOUSLY TO PN 
CODE ACCORDING TO Ku-BAND BEACON DATA 
FRAME FORMAT 

ottmi ir rvn in/Q_7-R» 


NOTES: 

1 . THE COHERENT TURNAROUND RATIO K j DEPENDS ON THE FREQUENCY 
ALLOCATION OF THE Ku-BAND ATDRS TRACKING RETURN SIGNAL 
(SEE ACCOMPANYING TEXT); FOR TDRSS KSA RETURN SIGNALS, 

K t = 1600/1469. 


2, THE VALUE OF K 2 IS RELATED TO Kjj IN TDRSS, Kj = 31/(1600 X 96). 
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Table 3-4. AKuRS Return Signal Link Budget 


LINK ELEMENT 

VALUE 

COMMENTS 

(t ) STATION EIRP (dBW) 

40.0 

• 50 WATT XMIT POWER 

• ANTENNA GAIN* 23 dB CORRESPONDING 

TO 15* TWO-SIDED 0EAMWI DTH 

(2) PATH LOSS (dB) 

208.8 

• Ku-BANO (-16 GHz) 

• RANGE » 41000 KM 

(3) ATDRSS G/T (dB/*K ) 

-9,2 

• ANTENNA GAIN * 17.8 dB CORRESPONDING 

TO 26* TWO-SIDED 8EAMWIDTH 

• NOISE TEMPERATURE: 500*K 

(4) BOLTZMANN'S CONSTANT 
(dBW/Hz - *K) 

-228.6 


(5) IMPLEMENTATION AND 

INTERFERENCE LOSSES (dB) 

4.0 

ASSUMED VALUE 

(6) RAIN MARGIN (dB) 

6.0 

ASSUMED VALUE 

(7) RECEIVED C/N (dB-Hz > 
o 

40,6 

(1) - (2) ♦ (3) - (4) - (5) - (6) 

(8 > RETURN OAT A RATE (dB-Hz ) 

30.0 

1 KBPS. SUPERIMPOSED ON 3 Mcps PN COOE 

(9) E k /N (dB) 
0 0 

10.6 

# <?) ’ <8> ( 9.6 (UNCOOED) 

• IQ" 5 9ER* REQUIRES E^/N Q > < 

( 4,6 (CODED) 

(10) CARRIER LOOP SNR (dB) 

23.6 

• 50 Hz LOOP BANDWIDTH (17 dB-Hz) 

• (7) - 17 dB-Hz 

• RMS PHASE ERROR OF 5* 

REQUIRES SNR * 22.6 dB 
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return users operating within the transmit beamwidth 
Likewise, KSA return signals could interfere with the AKuRS 
return signal due to the wide beamwidth of the beacon 
antenna. To avoid such difficulties, the coherent 
turnaround ratio has been specified as a variable so that 
the dedicated Ku-band return channel can be assigned a 
frequency that will not be disruptive to KSA user . 
communications. Further analysis is required, but it may be 
possible to avoid a completely new Ku-band allocation with 
negligible user impact by placing the AKuRS return channel 
somewhere toward the edge of the current KSA return 
allocation. 


3.1.4 GROUND STATION REQUIREMENTS 

The AKuRS ground stations are designed to provide adequate 
resources to meet all performance goals while minimizing 
staffing and maintenance requirements. To this end, the 
ground stations have been designed with basic subsystems to 
perform specified functions and with control features that 
preclude the need for permanent onsite personnel. Each 
ground station is composed of a station executive, Ku-band 
transponder, station clock, antenna, and peripheral support 
equipment, as illustrated in Figure 3—4. 

The ground station's transponder operates. at Ku-band and is 
capable of generating a Ku— band return signal coherent with 
the received Ku— band beacon signal. A diplexed antenna 
supports both reception of the beacon and transmission of 
the return signal. Command, control, and navigation data 
are extracted by the transponder and provided to the station 
executive. The executive directs station operation and 
collects information from various sensors and monitors at 
the site. Peripheral sensors monitor the station health and 
collect meteorological information for use in tropospheric 
delay estimation by the station executive. Such data is 
then time-tagged and formatted for relay via the dedicated 
return channel to the AGT. 

The AKuRS ground stations are designed to require minimal 
staffing support. Command and control messages included as 
part of the Ku-band beacon navigation message are used to 
direct operation of the tracking network and perhaps even 
individual stations. Routine station tasks and operations 
are independently directed at each station by the station 
executive. Routine maintenance and repair are generally 
scheduled operations, precluding the need for full-time 
station operators. 
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3. 1.4.1 Station Executive 


Ground station operation is controlled by a resident 
computer, designated the station executive, responsible for 
initiating and coordinating station activities. The station 
executive performs routine functions to satisfy operational 
requirements and ensure station integrity, accepts beacon 
data and commands provided by the station transponder, 
extracts applicable information, and carries out received 
commands . 

The station executive gathers information from other station 
subsystems to monitor overall system performance and support 
the OD process. Information such as the station health and 
the executive's tropospheric delay estimate and associated 
meteorological data are time-tagged and formatted by the 
executive and transmitted through the return signal for use 
by the ground terminal and the FDF. 

Because no significant concurrent or dedicated computation 
is required to operate the ground station, system management 
and data processing tasks may be handled sequentially. The 
architectural requirements for the executive are thus 
simplified, allowing off-the-shelf microcomputer technology 
to be employed to implement the station executive, thereby 
reducing the costs associated with this subsystem. 

3. 1.4. 2 Ku-Band Transponder 

The tracking station’s Ku-band transponder supports the 
demodulation of the Ku-band beacon and the coherent 
generation of the tracking system's Ku-band return signal. 
Currently, no standard NASA/TDRSS Ku-band transponder is 
available. Ideally, a standard ATDRSS Ku-band 
transceiver/transponder would be developed that supports 
both KSA user requirements, including one-way navigation 
using the Ku-band beacon, and the needs of the AKuRS ground 
stations. Such a device would possess more capabilities 
than would be needed solely for the purposes of the AKuRS 
but would encourage ATDRS users to operate at Ku-band and to 
take advantage of the Ku-band beacon. 

Assuming a standard Ku-band transceiver/transponder were 
developed, it would be operated as a beacon transponder in 
the AKuRS ground stations. Support of both KSA user 
services and the Ku-band beacon by a standard Ku-band 
transceiver/tra..sponder may entail some additional design 
complexity, mainly because of the different transmit and 
receive frequencies involved. For example, the Ku-band 
beacon frequency is offset from the nominal KSA forward 
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service frequency, and the AKuRS return signal likely 
requires a different coherent turnaround ratio than used in 
Mode 1 KSA service. Even if such a standard Ku-band device 
were not developed, the requirements of the AKuRS ground 
station could readily be met by developing a specific 
Ku-band beacon transponder. 

3. 1.4. 3 Antenna 

Selection of the ground station antenna is contingent on 
many system parameters, as discussed earlier in the 
discussion of the Ku-band beacon link budget. Trade-offs 
among onboard power, antenna size, and satellite inclination 
all affect the ground station antenna design. Ideally, the 
subsystem would comprise a fixed antenna capable of viewing 
the ATDRSS satellite throughout its allowed range of orbital 
positions. If the inclination of the ATDRSS satellites were 
kept to a small value — an ATDRS inclination of 0.5 degrees, 
for example, has been assumed in the ORAN modeling performed 
in this study — it may be possible to increase the antenna 
gain without requiring a tracking system to follow the 
ATDRSS satellites' motion. Although increased ground 
station antenna gain would enable the onboard beacon 
transmit power to be reduced, the beacon EIRP must still 
support beacon users. Final selection of the ground 
station's antenna, therefore, depends on aspects of the 
ATDRSS design, its stationkeeping requirements, and ATDRSS 
user parameters and requirements, which are not fully known 
at this time. 

3. 1.4. 4 Station Clock 

Because the AKuRS relies on two-way measurements, timing 
requirements for the ground stations are relatively simple. 
Local time is required to tag the return signal data and to 
support the observation schedule. Coarse time transfer may 
be obtained from the Ku— band beacon itself, readily 
providing clock biases between the AGT standard and the 
local station clock to within a few hundred psec. This 
level of accuracy is more than adequate for all station 
functions . 

The ground station's reference oscillator also serves as the 
frequency reference for much of the transponder circuitry. 
Again, coherent turnaround of the received Ku-band signal 
implies that the required stability be comparable to that of 
a thermally controlled crystal oscillator. The frequency 
reference is, therefore, readily and inexpensively obtained. 
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3. 1.4. 5 Peripheral Suppo rt Equipment 

Two subsystems provide peripheral support to the tracking 
stations: the Nascom interface subsystem, providing 

contingency communications with the ground stations, and the 
atmospheric monitor equipment, which supports the estimation 
of tropospheric delays. The Nascom interface provides 
backup command, control, and telemetry communications in the 
event that the two-way Ku— band link is lost. A more primary 
role is served by the atmospheric monitor equipment, which 
allows the two-way measurements to be corrected for the 
effects of tropospheric delay. The atmospheric monitor 
equipment obtains local meteorological data to allow 
modeling of the tropospheric delay or may even use a water 
vapor radiometer to measure the tropospheric delay 
directly. This data is then processed by the station 
executive to obtain a line-of-sight tropospheric delay 
estimate and relayed by means of the AKuRS return signal to 
the AGT and the FDF . Alternatively, the raw data might be 
relayed for processing by the FDF, thereby reducing the 
processing burden at the station executive. 

3.1.5 TRACKING NETWORK OPTIONS 

The AKuRS relies on the use of spatially separated stations 
from which two-way ATDRS range and range-rate observations 
are made. Several considerations influence deployment of 
the tracking system stations: 

• Visibility with respect to each ATDRS 

• Geographical, climatic, and political constraints 

• OD performance as a function of the 
network/satellite geometry 

• Conformance with existing resources to facilitate 
economical development and ease transition into the 
new system 

To reduce signal degradation due to ground reflections and 
large uncertainties in the tropospheric delay, ground 
stations must view the ATDRSS satellites with an elevation 
angle of at least 10 degrees. Furthermore, stations are 
best situated in areas with dry climatic conditions and 
stable geological features. State-of-the-art surveying is 
required to allow knowledge of the absolute antenna 
boresight position with respect to Earth-centered 
coordinates accurate to within 75 cm (3 a) in each of 
three dimensions. 
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OD accuracy depends in large measure on the tracking network 
geometry with respect to the observed satellite. Generally, 
long baselines in both N-S and E-W components are desirable 
to minimize the geometric dilution of precision. 

Geographical and political constraints necessarily limit the 
achievable network geometry, especially because the most 
desirable station locations reflecting geopolitical and NASA 
operations considerations are those situated within CONUS. 

Due to their geosynchronous locations, the beacon footprints 
(depicted in Figure 3-5) of ATDRS-E and ATDRS-W do not allow 
a long-baseline network capable of observing both 
satellites; consequently, independent Ku-band tracking 
networks have been chosen for ATDRS-E and ATDRS-W. Three 
networks for each satellite have been considered; one 
defines an all-CONUS network, and the others achieve 
intermediate and long baselines by situating stations 
outside CONUS. 


Station locations for the AKuRS have been selected to 
correspond with either existing NASA facilities or locations 
on or near property currently leased or owned by the U.S. 
Government. The ground stations used to define the various 
network options are listed in Table 3-5. 


■Consideration of tracking performance for ATDRS-C has not 
been a focus of this study and has not been specifically 
investigated. Because the selected station sites can 
support ATDRS-C and provide it with superior station 
geometry options, OD performance is likely to be better for 
ATDRS-C than for ATDRS-E or ATDRS-W. 


3. 1.5.1 CQNUS-Based ATDRS Tracking System 

The following networks of ground stations are restricted to 

rYiMITS • 


The ATDRS-E beacon is observed by ground stations 
at White Sands (WHS), Merritt Island (MIL), and 
GSFC . 


The ATDRS-W beacon is observed by ground stations 

at WHS; Vandenberg (VAN); and Richland, Washington 
(WAS) . 

The ATDRS— C beacon may be observed by any of the 
above five stations, with the best network geometry 
obtained by WHS, WAS, and GSFC. 
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Table 3-5. AKuRS Ground Station Sites 


ACRONYM 

LOCATION 

VISIBILITY 

REMARKS 

WHSK/WHS 

WHITE SANDS, NM 
(32* N, 107* W) 

WEST, CENTRAL, EAST 

ATDRSS GROUND TERMINAL 

GSFC 

GREEN8ELT, MD 
(39* N, 76* W) 

CENTRAL, EAST 

GOODAR0 SPACE FLIGHT CENTER 

MIL 

MERRITT ISLAND, FL 
(29* N, 81* W) 

CENTRAL, EAST 

EXISTING NASA FACILITY; 
STDN SITE 

VAN 

VANDENBURG AFB, CA 
(35* N, 121* W) 

WEST, CENTRAL 

STDN SITE 

WAS 

RICHLAND, WA 

WEST, CENTRAL 

COARSE COORDINATES 

- 

(46* N, 119* W) 


NEAR HANFORO-N WEAPONS 
REACTOR 

ACN 

ASCENSION ISLAND 
(8* S, 14* W) 

EAST 

BRTS TRANSPONDER SITE 

HAW 

HAWAI 1 

(22* N, 159* W) 

WEST, CENTRAL 

STDN SITE 

GWM 

GUAM 

(13* N, 1 44* E) 

WEST 

STDN SITE 

AMS 

AMERICAN SAMOA 
(14* S, 171* W) 

WEST, CENTRAL 

BRTS TRANSPONDER SITE 

REY 

REYKJAVIK, ICELAND 
(64* N, 22* W) 

EAST 

COARSE COORDINATES NEAR 
NATO AIR STATION AT KEF LAV IK 
OPERATED BY US NAVY 


MIS93JTAB 
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3. 1.5. 2 Intermediate-Baseli n e ATDRS Tracking System 

The following networks use station locations outside CONUS, 
but the desire to site ground stations on U.S. territory has 
led to the selection of HAW as an intermediate-baseline 
ground station location for ATDRS— W: 

• The ATDRS-E beacon is observed by WHS and REY. 


The ATDRS-W beacon is observed by WHS and HAW. 

The ATDRS-C beacon would employ the same station 
deployment as ATDRS-W. 


3. 1.5. 3 T.nna-Baseline ATDRS Tracking Sys tem 


The following networks provide the longest baselines and 
consequently the most advantageous geometries: 


• ATDRS-E is observed by WHS and ACN. 

• ATDRS-W is observed by WHS and GWM. 

• ATDRS-C is observed by WHS and AMS. 

Although the current TDRSS BRTS system places a BRTS 

transponder at Alice Springs, Australia, here the 
long-baseline station has been positioned in GWM to reflect 
geopolitical considerations. 


3.2 AKuRS ASSESSMENT 

This section assesses the impact of the AKuRS on ATDRS 
development and operations; system cost and staffing 
requirements; reliability, maintainability, and 
availability; technological risks associated with system 
implementation; and the ATDRS OD performance achievable with 
such a system. 


3.2.1 ATDRS IMPACTS 

Implementation of the AKuRS and its incorporation into 
ATDRS S affects ATDRSS development and operations in four 
distinct ways: 

• Support of the Ku-band beacon signal 

• Support of the dedicated Ku— band return signal 

• AGT processing 

• ATDRSS delay calibration 
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3 * 2 * 1 * 1 S upport of the Ku-Band Bearnn 

^l^i:o tr0du< r tion of the Ku "band beacon as an additional 
ATDRSS service requires the allocation of new frequency 
bands to support the uplink and forward paths of the 
signal. Continuous use of these channels for beacon 
transmission precludes time sharing with any existing 

13 r 77 S?? 4 -^ h rw beac ™. eerier frequency has been defined as 
13.77522432 G Hz, with the signal characteristics specified 
m Section 3.1.2, but the uplink channel has not been 

t» ec ause its allocation depends on the ultimate 

channels SSign 3nd the allocation of Ku ~ or Ka-band uplink 

°5 tJl ® Ku-band beacon requires that each 
atdrs be equipped with resources capable of providing 
continuous wide beam forward service without affecting 
current KSA services. Ku-band beacon support of ATDRSS user 
navigation further requires dedicated electronics 
and a beacon emitter with sufficient beamwidth to satisfy 

?? e , r ®^ ul rem ® n ^ s . An aperture on the order of 10 cm is 
S?n C ^ ied t0 provide the 26 degree beamwidth needed to 

w ?nr.^?LS°r era9e '.^ ith transmit power of approximately 
40 W indicated to provide the necessary EIRP. 

3 * 2 * 1 * 2 S upport Of the Ku-Band Return Signal 

Support of the AKuRS return channel requires allocation of a 

channel ed Tt ^ and 6 channel and the accompanying SGL 
channel It is assumed that the Ku-band beacon emitter is 

around^ta?- receiv ® J; be retu rn signal transmitted by the 

fc ^ 10n f and that an onboard LNA provides sufficient 
amplification to establish adequate link margin. in 

anticipation of possible interference with KSA return 
services the AKuRS return channel frequency has no^been 
specified pending further analysis. 

3. 2. 1.3 AGT Pr ocessing 

To maintain a continuous beacon signal, the AGT must h* 

^ P !?n^ ith T a , dedicated si 9" al generation Stability for 

o ™ beac °" Sl9nals must b * transmitted 

up to each ATDRS for broadcast. Because ground stations and 

users may receive more than one beacon at a time each must 

be modulated with independent PN codes for identification 

purposes. Ground terminal resources must aisSiiclSSi 

and P uc fc procesain 9 supply tracking-system control, time 

beacon? r 9r ° Und statl0n information for transmission on the 
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Processing for the return signal is similar to that 
currently required with BRTS. Two-way range and range-rate 
observations, along with ground station data, must be 
extracted by the ground terminal and compiled for use by the 
FDF . The return channel is processed to yield two-way range 
and range-rate measurements and to extract the return data, 
which provides the health of the tracking stations and 
allows correction for tropospheric delays. 

3. 2. 1.4 ATDRS Delay Calibration 

Transmission media that affect transit time along the 
Ku-band beacon and return signal paths must be characterized 
in order to minimize the impact of range bias on ATDRS OD 
processing. Range bias is especially significant for ATDRSS 
users relying on the Ku-band beacon for one-way navigation 
and time transfer. Consequently, signal-path delays through 
the ATDRSS space segment, as well as through the AGT and 
ground stations, must be calibrated. The forward-path delay 
uncertainty, combining the effects of the uplinked beacon 
signal and its transit through ATDRS, has been modeled in 
ORAN as a range bias on the forward link of 6 m (3 a), 
assuming a delay uncertainty of 20 nanoseconds (ns) 

(3 a). Similarly, the return-path delay uncertainty has 
been modeled as a range bias on the return link of 6 m. 

Calibration of the ATDRSS space segment is ideally effected 
through onboard measurement of a calibration signal 
generated locally and injected at the appropriate access 
points. Such calibration need not interfere with emission 
of the beacon or relay of the return signals if, for 
example, the calibration signal is a tone outside the beacon 
or return frequency band but within the equipment band. The 
time base for such differential measurements would be 
derived from the ATDRS frequency system, whether it be 
referenced to an uplinked pilot tone or to an onboard 
oscillator. If such local onboard measurements were not 
possible, the alternative would be extensive ground testing 
and characterization of the signal-path delays. Onboard 
monitoring and telemetry of component temperatures might 
then be used to allow modeling and estimation of the transit 
delay to the necessary accuracy. 

3.2.2 COST AND STAFFING REQUIREMENTS 

Cost and staffing requirements of the AKuRS are beyond the 
scope of this study. Future consideration should include 
investigation of this system aspect. 
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3.2.3 RELIABILITY/MAINTAINABILITY/AVAILABILITY 


Reliability, maintainability, and availability of the AKuRS 
are beyond the scope of this study and should be considered 
in any future work. 

3.2.4 TECHNOLOGICAL RISK 

None of the components necessary for implementation of the 
Ku-band beacon concept involves the use of new 
technologies. The AKuRS does require appropriate 
enhancements to ATDRSS and the design and development of a 
Ku-band transponder. Ideally, the system's transponder 
would be one of a new generation of Ku-band user 
transceivers/transponders that would also support Ku-band 
one-way navigation. 

3.2.5 EXTERNAL DEPENDENCIES 

Outside ATDRSS, no external dependencies are required by 
this system under normal operation. As a contingency, 
however, dedicated telecommunications services provided by 
Nascom or commercial leased lines are specified to support 
command of the ground stations during startup or recovery 
periods. The cost associated with such support is dependent 
on the geography of the network, but the forward and return 
data rates could be as low as 100 bits per second (bps). 

3.2.6 OBSERVATION STALENESS 

Because the AKuRS relies on coherent two-way range and 
range-rate measurements, this data is available at the AGT 
with the processing of the dedicated return signal. 
Therefore, almost instantaneous relay of these measurements 
to the FDF for OD processing is possible. Outages may 
occur, however, during rainy periods at the stations. 

Ku-band links are particularly sensitive to rain outages, 
and degraded performance due to inclement weather is 
expected. The demands of tracking, however, are not as 
stringent as for data communications, especially because the 
Ku-band beacon is emitted continuously. The occasional loss 
of observations (for periods of less than 6 hours, for 
example) is acceptable for adequate tracking in most 
scenarios except after a spacecraft maneuver. Climatic 
conditions at the ground station sites must permit regular 
Ku-band communications throughout the year. 
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3.2.7 AKuRS OD PERFORMANCE 

Performance of the AKuRS has been assessed using ORAN, 

examining OD performance with three tracking 0 ?utions S f o^ 
each of the considered ATDRSS satellites. Solutions for 
definitive periods from 1 to 30 hours have been generated to 
ploiide a measure of system performance both for periods of 
satellite recovery following an orbital maneuver and for 
periods of r time associated with a nominal orbital solution 

of 30 hours. 

The error budget used with ORAN to model the AKuRS is given 
in Table 3-6. The table gives the values characterizing the 
system's two-way range and range-rate measurements and the 
range-bias uncertainties for each segment of the tw0 : w ®y 
signal path. The given range bias values assume an av 9 
of 3 m of uncertainty through each node in the signal path, 
reflecting imperfectly characterized propagation through the 
hardware at these points even after delay calibration. B ot 
the AGT and the ATDRS uncertainties are combined to form a 
6-m bias uncertainty along the uplink and downlink. Biases 
at each of the remote sites are independent of one another 
and modeled as 3-m biases on the forward and return links. 
Use of ORAN has shown that the errors due to these range 
biases are among the most dominant of all error 
contributors. Future analysis should examine the 
possibility of periodically estimating the biases to reduce 
these levels of uncertainty further. The range-rate 
observations, by contrast, are characterized by error t0 

measurement noise, with no range-rate bias assumed due to 
the two-way measurement type. The indicated two way 
range-rate measurement noise of 0.006 cm/sec reflects 
typical performance corresponding to the carrier loop SNRs 
described in the link budgets of Tables 3-2 and 3-4. 


The remaining ORAN errors are based on values specified for 
use by all systems in this study. The exception is 
ionospheric refraction error, which is assumed to be 
100 percent uncertain but has minimal effect at the Ku-band 
and SGL frequencies. Monitoring equipment at the tracking 
stations has been specified to support tropospheric-delay 
estimation to the level of accuracy shown. Aside from 
errors due to A1 - UT1, all other parameters have negligible 
impact on the total position error. 


Ku-band tracking systems are sensitive to rainfall 
attenuation. In order to compensate for this effect, the 
system must be able to change scheduled measurement times 
whenever weather conditions dictate. The continuous 
availability of the Ku-band beacon and the use of a 
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Table 3-6. AKuRS ORAN Error Modeling (3-o Values) 


• 2-WAY RANGE AND RANGE-RATE MEASUREMENTS 

• MEASUREMENT SCHEDULE FOR EACH STATION (OVER 30-HOUR TRACKING 
ARC); 

- MEASUREMENTS EVERY 30 SECONDS FOR 5 MINUTES (II OBSERVATIONS) 
EACH HOUR 

• STATION POSITION UNCERTAINTY: 75 CM IN EACH DIRECTION 

• 2-WAY RANGE MEASUREMENTS 

- RANGE MEASUREMENT NOISE: 4.0M 

- UPLINK (ATDRSS GT - ATDRS) BIAS: 6.0M 

- FORWARD (ATDRS - REMOTE STATION) BIAS: 3.0M 

- RETURN (REMOTE STATION - ATDRS) BIAS: 3.0M 

- DOWNLINK (ATDRS - ATDRSS GT) BIAS: 6.0M 

• 2-WAY RANGE-RATE MEASUREMENTS 

- RANGE-RATE MEASUREMENT NOISE: 0.015 CM/SEC 

- RANGE-RATE BIAS: 0 CM/SEC 

• SOLAR RADIATION: 296 

• TROPOSPHERIC REFRACTION ERROR: .045 

• IONOSPHERIC REFRACTION ERROR: 1.0 

• CARRIER FREQUENCY: 14,000 MHZ 
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dedicated return channel readily provide the AKuRS with such 
flexibility. Additionally, ORAN modeling shows that the OD 
performance is relatively insensitive to observation 
frequency over a 30-hour arc, with only minor OD accuracy 
degradations resulting from short-term outages. Further 
study is required to characterize the system's robustness 
fully in this regard. 

Performance of the AKuRS is summarized in Table 3-7 for a 
CONUS-based network observing ATDRS-E. Appendix A provides 
more detailed results for all considered network options. 

As the results show, the system easily provides better than 
(less than) 75-m (3 -a) OD accuracy over a 30-hour tracking 
arc. For short tracking arcs, simulating the system's 
capability to support TR, OD accuracy is quite good, 
although not at the 75-m level. Nonetheless, CONUS-based 
tracking over a 2-hour arc provides accuracy better than 
(less than) 100 m (3 a) and demonstrates the effectiveness 
of the AKuRS. 

3.3 REFERENCES 

3-1. R. Bruno and B. Elrod, TR860167, TDAS Beacon Signal 
Definition: Analysis and Specification , Stanford 

Telecommunications, Inc., October 1986 
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3-3. B. Elrod, A. Jacobsen, et al., TR25066, Tracking and 
Data Acquisition System (TDAS) for the 1990* s: Volume VI, 

TDAS Navigation System Architecture , Stanford 
Telecommunications, Inc., May 1983 
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Table 3-7. AKuRS Performance 



MAXIMUM 3CT ATDRS-E POSITION ERROR 
OVER THE DEFINITIVE TRACKING ARC (METERS) 

2 HR ARC 

30 HR ARC 

Ku-BAND ATDRS TRACKING 
SYSTEM 

(CONUS-BASED NETWORK) 

77 

36 


7/1 a/89 MIS83>\)U584S 
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SECTION 4 


PRECISE RANGING AND TIMING SYSTEM 


The PRTS concept was initially developed by Stanford 
Telecommunications, Inc. (STel), as Phase I and Phase II 
efforts under the NASA Small Business Innovative Research 
( SBIR ) program. Consistent with SBIR program policy, the 
PRTS signal structure and PRTS signal processing are 
considered STI proprietary. Two ATDRSS satellite tracking 
systems that employ the PRTS concept are presented in this 
section: a baseline system, termed simply "baseline PRTS," 

and a modification of the baseline, termed "Modified PRTS 
(MPRTS) . " These two system options reflect the PRTS design 
evolution over the course of this study; ultimately, only 
one system will be called the Precise Ranging and Timing 
System. Details of proprietary system aspects of the two 
options are given in separate system specifications prepared 
in conjunction with this report (Reference 4-1, 

Reference 4-2) . Nonproprietary system definitions and 
assessments of baseline PRTS and MPRTS are presented here. 

In baseline PRTS, a continuously available S-band navigation 
beacon is transmitted by each ATDRSS satellite and observed 
by a network of ground tracking stations capable of making 
one-way pseudorange and pseudorange-rate measurements of the 
PRTS beacon (Reference 4-3). The PRTS beacon signal 
structure and signal processing combine aspects of both PN 
and tone ranging to allow precise one-way pseudorange 
measurements and calibration of ionospheric and group 
delays. Observation of the PRTS beacon emitted by the 
ATDRSS satellites would support both ATDRSS OD and one-way 
forward navigation by ATDRSS users. Because the PRTS signal 
is transmitted as a continuously available beacon, no 
forward link user service resources need to be scheduled for 
navigation support. Periodic return ATDRSS communications 
from the PRTS ground stations are required to allow network 
synchronization and relay of the measurements. This return 
link is supported by scheduled ATDRSS S-band multiple access 
(SMA) return service or, as an option, by a dedicated S-band 
PRTS return channel. 

To support OD Of. the ATDRSS satellites, the PRTS beacon is 
observed by a network of PRTS ground stations. Ground 
station locations are constrained by the ATDRSS beacon 
footprints and other considerations, but PRTS measurements 
made by a ground network of two Remote Stations and a single 
Master Station within LONUS are capable of providing OD 
accuracy for each ATDRSS satellite below 75 m (3 a), as 
required. Because of the orbit locations of the ATDRSS 
satellites, five PRTS ground stations are required: one 
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Master Station, visible to both ATDRS-E and ARDRS-W, and two 
Remote Stations for each of the two satellites. Additional 
equipment at a subset of these stations supports tracking of 
ATDRS-C. Networks involving remote stations outside CONUS 
provide improved geometries and further enhance ATDRSS OD 
accuracies . 

MPRTS is similar to baseline PRTS except that, for ATDRSS 
OD, the ground stations coherently turn around a component 
of the PRTS beacon signal structure to allow measurement of 
two-way range and range-rate at the AGT. The MPRTS ground 
stations thus transmit a return signal back to the AGT that 
is generated coherent in carrier phase and PN epoch with the 
received PRTS beacon signal. The full PRTS beacon signal 
structure is used by the MPRTS ground stations to measure 
the signal path delay due to the ionosphere; these 
measurements are then sent to the AGT as data on the return 
signal. MPRTS thereby provides a means to obtain two-way 
range and range-rate measurements at S-band while allowing 
correction of the ionospheric delay contributions. Two-way 
range and range-rate measurements imply that the 
measurements are made solely with respect to the AGT clock; 
system clock biases, therefore, do not contribute to the OD 
error. Like PRTS, MPRTS offers ATDRSS users an option for 
enhanced one-way navigation through precise tracking of the 
PRTS beacon signal. 

4.1 PRTS SYSTEM DEFINITION 

This section provides an overview of the PRTS architecture 
and operations concept, describes the PRTS beacon and return 
signals, discusses the station architectures for both PRTS 
options, and outlines various potential PRTS tracking 
networks . 

4.1.1 PRTS ARCHITECTURE AND OPERATIONS CONCEPT 

Both baseline PRTS and MPRTS rely on system architectures 
with identical ground station deployments, channel 
requirements, and interfaces to the AGT. The two systems 
yield different observation types, however, resulting in 
somewhat different resource requirements. In baseline PRTS, 
one-way pseudorange and pseudorange-rate are measured at the 
PRTS ground stations, using the resolution afforded by the 
PRTS beacon to obtain high pseudorange precision. In MPRTS, 
the MPRTS ground stations coherently turn around a PRTS 
beacon signal component to allow two-way measurements to be 
made by the AGT, while the MPRTS ground stations monitor 
ionospheric delay using the full PRTS beacon signal 
structure. The following sections present the system 
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architectures and operational aspects of both baseline PRTS 
and MPRTS . 

4. 1.1.1 Baseline PRTS 

In baseline PRTS, the PRTS beacon signal structure is 
employed by both the ATDRSS user spacecraft and PRTS ground 
stations to obtain one-way pseudorange and pseudorange— rate 
measurements. The measurements are termed "pseudorange" and 
"pseudorange-rate" to reflect the biases introduced as a 
result of independent transmit and receive clocks, although 
PRTS includes the means by which network synchronization may 
be established. 

As illustrated in Figure 4-1, a PRTS beacon signal is 
generated and time-tagged by the PRTS Master Station 
(colocated with the AGT) and relayed via the ATDRSS uplink 
to the ATDRSS satellites. Depending on the ATDRSS SGL 
frequency allocations, the PRTS uplink may be at either Ku- 
or Ka-band. Independent PRTS beacon signals are transmitted 
to each ATDRSS satellite. After appropriate frequency 
translation and amplification onboard the spacecraft, the 
PRTS beacon is emitted by each ATDRSS satellite as a 
continuously available S-band navigation beacon providing 
Earth and ATDRSS user coverage. The beacon signals include 
the ATDRSS satellite ephemerides and other data needed to 
support one-way navigation, as provided by the NCC. 

To track each ATDRSS satellite, a network of one Master and 
two Remote PRTS ground stations observes the PRTS beacon 
emitted by the satellite: each station independently 

estimates the one-way pseudorange and pseudorange-rate. The 
PRTS beacon signal structure is exploited through signal 
processing, allowing resolution of coarse range ambiguity, 
correction of ionospheric and group delay effects, and range 
measurement precision to the cm level. A model of the PRTS 
beacon measurements, presented in Figure 4-2, shows the 
means by which PRTS resolves the various sources of 
observation errors. The PRTS Remote Stations relay their 
observations back to the AGT via a low data rate S-band link 
supported by the ATDRSS satellite. Measurements are then 
relayed to the FDF, which is assumed to be responsible for 
ATDRSS OD, estimation of the Remote Station clock biases, 
and dissemination of the orbit solutions throughout the 
ATDRSS network. 

Beyond merely providing a relay of the PRTS Remote Station 
measurements, the PRTS return signals are supported by 
ATDRSS as a means to estimate the Remote Station clock 
biases and thereby establish PRTS network synchronization. 
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PRTS BEACON (S-BAND) 
(SUPPORTS NOMINAL OR ENHANCED 
1-WAY USER NAVIGATION) 
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CALIBRATION OF ATDRSS SATELLITES 
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MEASUREMENT AMBIGUITY 
NETWORK SYNCHRONIZATION 


CHANNEL NOISE 


PROCESSING OF PRTS SIGNAL STRUCTURE 
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STATIONS WITH MASTER STATION; 
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PRTS RETURN SIGNALS 
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The PRTS ground stations are frequency synchronized to the 
beacon signal but, due to signal path delays, are not phase 
synchronous with the Master Station clock. Range and 
range-rate measurement of the PRTS return signals by the 
AGT , in combination with the relayed PRTS beacon 
measurements from the Remote Stations, allows the Remote 
Station clock biases to be estimated either separately or as 
part of the ATDRSS OD solution. The PRTS return signal 
might be supported by any ATDRSS channel, but S-band 
communications using the SMA system or a dedicated PRTS 
return channel are the most likely options. The 
establishment of a dedicated return channel is especially 
attractive because it facilitates reduction of range biases 
through delay calibration and eliminates any burden to 
ATDRSS user services in supporting the PRTS return signal 
and the routine transfer of Remote Station tracking data. 

Tracking network operation is directed by the NCC via the 
navigation message of the PRTS beacon or direct Nascom link 
to each of the Remote Stations. The Remote Station system 
executive monitors the beacon or Nascom link, extracting 
pertinent data and responding to commands. The Remote 
Stations are designed to preclude the need for resident 
staffing by relying on computer automation to perform 
routine housekeeping functions, with service technicians 
dispatched as necessary to repair and maintain station 
elements. The executive is programmed to diagnose station 
abnormalities, correct those it can, and continuously inform 
the Master Station (via the ATDRSS return data link or 
Nascom link) of the station health. Should a Remote Station 
unexpectedly lose contact with the beacon, the executive is 
programmed to access the ground terminal via the Nascom link 
for further instruction. Trained personnel, sent to the 
station as needed, repair or replace defective station 
components and perform routine maintenance and system 
calibration. 

4. 1.1. 2 Modified PRTS 

MPRTS , as depicted in Figure 4-3, relies on coherent 
turnaround of a component of the PRTS beacon signal by a 
network of MPRTS ground stations, with two-way range and 
range-rate measurements then made by the AGT. This 
distinction from the baseline PRTS concept does not change 
the way in which ATDRSS users may employ the full PRTS 
beacon signal for enhanced one-way navigation, but it does 
simplify the MPRTS ground stations in comparison to those of 
the baseline system. 
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Figure 4-3. MPRTS Architecture 




As in baseline PRTS, a PRTS navigation beacon is generated 
by the MPRTS Master Station for each ATDRSS satellite and 
relayed by the AGT to the designated ATDRS . To avoid 
potential interference at ground stations and user 
spacecraft exposed to multiple beacons, independent beacon 
signals are transmitted to each ATDRSS satellite, using 
different PN codes. After appropriate frequency translation 
and amplification onboard the satellite, the S-band signal 
is emitted by each ATDRSS satellite as a continuously 
available navigation beacon providing Earth and ATDRSS user 
coverage. 


A network of MPRTS ground stations observes the beacon, each 
capable of receiving the signal and transmitting a coherent 
return signal back to the AGT via a dedicated channel. 
Coherent turnaround of the beacon requires that the return 
signal use the recovered beacon carrier as its frequency 

r ®5u r f? Ce and . that the return signal's epoch be synchronized 
with the received beacon reference channel epoch. The 
coherent return signal, as in baseline PRTS, could be 
transmitted via any ATDRSS return service; because the 
return channel is essential to ATDRSS OD, however, a 
dedicated channel is specified here to provide a level of 
performance comparable to that of SSA return services. The 
return signal is processed at the AGT to yield two-way range 
and range-rate measurements, as illustrated in Figure 4 - 4 . 

s baseline PRTS, the measurements obtained at the AGT 
are then relayed to the FDF for ATDRSS OD processing. 

Besides coherently generating the return signal, the MPRTS 
Remote Stations monitor local atmospheric conditions to 
allow estimation of the tropospheric delay and process the 
received PRTS beacon signal to estimate the ionospheric 
ionospheric and tropospheric delay data are 

1 ”v, the health ' status, and data messages sent 
to the AGT via the MPRTS return signal. 

4.1.2 PRTS BEACON SIGNAL 

The PRTS beacon signal supports both ATDRS and ATDRSS user 
navigation and both the baseline PRTS and MPRTS ATDRSS 
tracking networks. The unique PRTS beacon signal structure 
allows PRTS-specif ic receivers to realize fully the PRTS 
range measurement precision and the measurement of 

delay through appropriate signal processing, 
e following sections treat these issues, as well as the 
generation and transmission of the PRTS beacon. 
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TWO-WAY RANGE OBSERVATION; 

Ri = ( / 0 UL + '°DL' + P F, + + ^BS. ERRORj) 


SOURCES OF OBSERVATION 
ERRORS 


IONOSPHERIC DELAY 


METHOD OF MITIGATION 


ONE-WAY PROCESSING OF PRTS 
BEACON SIGNAL STRUCTURE 


TROPOSPHERIC DELAY 


SYSTEMATIC DELAY 
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STATION CALIBRATION; ON-BOARD 
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NETWORK SYNCHRONIZATION 


PROCESSING OF THE BEACON SIGNAL 
STRUCTURE 

TWO-WAY MEASUREMENT ELIMINATES 
CLOCK BIASES 


Figure 4-4. MPRTS Measurement Model 
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4. 1.2.1 PRTS Beacon Signal Structure* 

Th e PRTS beacon signal structure is made up of several 
disjoint spectral components spanning a bandwidth of 78 MHz 
but occupying only 16.2 percent of this bandwidth. One 
spectral component defines the reference channel, a 
data-modulated signal identical to the recommended ATDRSS 
S-band user navigation beacon (Reference 4-4). The 
remaining components define auxiliary channels and are used 
m one-way PRTS signal processing to obtain the full PRTS 
range measurement precision and to allow measurement of 
ionospheric and group delays. The PRTS signal structure may 
be processed by ATDRSS users as well as the PRTS ground 
stations,* moreover, ATDRSS users may neglect the PRTS beacon 
auxiliary channels and process only the reference channel to 
support one-way user navigation. Complete signal structure 
details are provided in the PRTS system specifications 
(Reference 4-1). The proprietary PRTS beacon signal 
structure inherently allows 


• Measurement of both one-way pseudorange and one-way 

pseudorange-rate, with the pseudorange measurements 
exhibiting high precision as a result of the 
wideband time resolution provided by the spectrally 
efficient PRTS signal 

• Calibration of ionospheric and group delays 

• Range ambiguity resolution 

• Generation of an Earth coverage beacon that meets 
signal flux density constraints 

• High SNR 


Efficient coherent signal processing 

Navigation beacon support for those users who do 
not require PRTS measurement precision and/or are 
not capable of PRTS signal processing 


Broadcast of a navigation message, including ATDRSS 
network data for use by both the PRTS ground 
stations and ATDRSS users; as an option, commands 
and messages might be included to support user 
demand access, rapid service acquisition, PRTS 
ground station control, and notif icatioa of service 
schedule changes 
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4. 1.2. 2 PRTS Beacon Signal Gener ation and Relay 


The PRTS beacon signal is generated by the PRTS Master 
Station and uplinked to each ATDRSS satellite for emission 
as an S-band navigation beacon. Due to the nature of the 
PRTS measurements, system delay uncertainties are a 
potential major source of measurement error and must be 
minimized. Onboard the ATDRSS satellite, the beacon signal 
path is a dedicated path that must have minimal delay 
uncertainty, either through onboard monitoring or prelaunch 
calibration. Similarly, delay uncertainties in the 
generation of the beacon signal at the ground must also be 
minimal so that the time-tag corresponding to the signal 
epoch accurately reflects the true transmit time. In this 
study, uncertainties in the forward path through the ground 
station and the ATDRSS satellite have been modeled as 6 m 
(3 a) or, equivalently, 20 ns, conservatively reflecting 
achievable calibration precisions. 

A PRTS beacon signal is generated by a Master Station and 
uplinked to each ATDRSS satellite by the AGT. Adequate 
ATDRSS SGL bandwidth for the PRTS beacon signal at either 
Ku- or Ka-band must be allocated for its uplink to each 
ATDRSS satellite. The spatial separation between satellites 
allows the same SGL frequency allocation for each ATDRSS 
satellite, with the PRTS beacon signal frequency multiplexed 
with the other components of each satellite’s SGL uplink. 

After the uplink is received by the ATDRSS satellite, it is 
frequency translated and amplified for emission as an S— band 
navigation beacon. In TDRSS , the SMA system provides a 
(two-sided) beamwidth of 26 degrees, thereby continuously 
supporting users to altitudes as great as 3122 kilometers 
(km) . In ATDRSS, a similar beamwidth has been considered 
for the navigation beacon; alternatively, the beamwidth 
might be reduced to obtain greater antenna gain (at the loss 
of support to higher altitude users) . The beacon antenna 
could be a dedicated forward element of the SMA array or a 
separate parabolic dish. For a parabolic dish, a 3— dB 
beamwidth of 26 degrees implies an antenna gain of 
approximately 16.5 dB and a diameter of approximately 
0.4 m. The link budget of Table 4-1 focuses on the weaker 
ATDRS-to-ground station link and demonstrates that an EIRP 
of 29.0 dBW is required to ensure adequate carrier loop SNR 
at the PRTS receivers. With a parabolic dish of 0.4 m, an 
amplifier yielding 15.5 dBW (approximately 36 W) would be 
needed to support ATDRS transmission of the S-band PRTS 
beacon and provide the necessary EIRP at the 3-dB beam edges. 
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Table 4-1. PRTS Beacon Link Budget 


LINK ELEMENT 

VALUE 

COMMENTS 

(1 ) SATELLITE EIRP {dBW> 

29,0 

REFLECTS COMPOSITE EIRP OF PRTS SPECTRAL 
COMPONENTS 

(2) PATH LOSS (dB) 

192,0 

S-SAND, -2100 MHz 

(3) RECEIVE ANTENNA G/T (dB/*K ) 
AT PRTS STATION 

■ 

• ANTENNA GAIN: 24.3 dB 

- 1 METER DISH 

- 551 EFFICIENCY 

• NOISE TEMPERATURE * 500*K 

(4) BOLTZMANN 'S CONSTANT (dBW/Hz - *K) 

-228,6 


(5) RECEIVED C/N q (dB-Hz) 

62,9 

(1) - (2) * (3) - (4) 

(6) C/N Q FOR REFERENCE CHANNEL (dB-Hz ) 

59,9 

REFLECTS BASELINE ATDRSS NAVIGATION BEACON 

(7) C/N q FOR EACH AUXILIARY CHANNEL (dB-Hz) 

55.1 

REFLECTS EACH AUXILIARY PRTS SPECTRAL 
COMPONENT 

(6) IMPLEMENTATION LOSS (dB) 

3.0 

ASSUMED VALUE 

(9) NET C/M (dB-Hz) 

- REFERENCE CHANNEL 

- EACH AUXILIARY CHANNEL 

(a) 56.9 

(t>) 52.1 

(6) - (8) 
(7) - (8) 

(10) HOUSEKEEPING DATA RATE (dB-Hz) 

24.0 

125 BPS. SUPERIMPOSED ON REFERENCE CHANNEL 
PN COOE 

(11) £ b /N 0 (dB) 

32.9 

• (9a) - (10) 

• PROVIDES BER « 10~ 5 

(12) CARRIER LOOP SNR (dB) 

- EACH AUXILIARY CHANNEL 
SPECTRAL COMPONENT 

35.1 

• 50 Hz LOOP BANDWIDTH (17 dB-Hz) 

• (9b) - 17 dB-Hz 

• YIELDS 1 * - 2* RMS TRACKING ERROR 

t YIELDS 2,3 - 4.6 MM/SEC RMS DOPPLER 

ERROR. ASSUMING 10 SEC AVERAGING 


NOTE: LINK MARGIN CAN BE INCREASED BY REDUCED ANTENNA TEMPERATURE AND/OR LARGER ANTENNA. 
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4. 1.2. 3 PRTS Beacon Sign al Processing 


Signal processing of the PRTS navigation beacon to obtain 
one-way pseudorange and pseudorange-rate is performed by the 
baseline PRTS Master Station and Remote Stations, as well as 
by any properly eguipped ATDRSS user. Processing of the 
PRTS beacon in the MPRTS tracking network to estimate 
ionospheric delay is effectively a subset of baseline PRTS 
processing and is, therefore, not explicitly discussed 
here. Full details of the proprietary PRTS signal 
processing may be found in the PRTS and MPRTS system 
specifications (Reference 4—1, Reference 4—2). 

One-way pseudorange measurement by the baseline PRTS ground 
stations or by ATDRSS users is made possible by the time-tag 
embedded in the data by the Master Station, representing the 
time of transmission of the signal epoch with respect to the 
Master Station’s clock. Through processing of the received 
signal, a beacon receiver establishes the time of arrival of 
the signal's epoch with respect to the receiver's own 
clock. This value is then subtracted from the time-tag 
included in the beacon navigation message to obtain the 
measured path delay; multiplication by the speed of light 
converts the time-delay measurement to a pseudorange value. 

One-way range processing of thi-s sort may be performed on 
either the complete PRTS beacon signal structure or, with 
simpler processing and reduced measurement precision, on the 
reference channel alone. Both modes of operation allow 
resolution of range ambiguity and support one-way 
pseudorange and pseudorange-rate estimation. Processing of 
the full PRTS signal structure, however, affords improved 
range resolution and the means to correct for ionospheric 
and group delay effects. Simulation results show that 
processing of the reference and auxiliary channels permits 
estimation of ionospheric delays to subnanosecond precision 
(Reference 4-3). 

The link budget shown in Table 4-1 reflects the analytic, 
simulation, and laboratory results of the Phase II SBIR 
effort (Reference 4-3), providing target values of the 
received net C/N 0 and carrier loop SNR that yield 
subnanosecond rms timing precision and suitably low rms 
phase errors. By assuming that the PRTS ground stations 
employ a 1-m parabolic dish to receive the PRTS beacon, thus 
providing sufficient beamwidth to observe the ATDRSS 
satellites without cracking, the necessary ATDRSS satellite 
EIRP to support the S-band PRTS beacon may be determined. 
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4.1.3 PRTS RETURN SIGNAL 


Although the PRTS beacon signal just described is the same 
for both the baseline PRTS and MPRTS tracking networks, the 
return signals associated with each system are distinctly 
In baseline PRTS, a one-way return signal is 
generated to allow the AGT to measure one-way return 
pseudorange and pseudorange-rate; in MPRTS, the return 
signal is coherently related to the received beacon signal 
to allow the AGT to measure two-way range and range-rate. 

The following subsections provide more detailed descriptions 
of these two return signal types. 


4 . 1.. 3 . 1 Baseline PRTS One-Wav Return Signal 

The baseline PRTS return signal supports the routine transfer 
of measurements and data from the PRTS Remote Stations back 
to the Master Station and, more important, allows the clock 
biases between the Remote Stations and the Master Station to 
be estimated. Other users of the PRTS navigation beacon (or 
its reference channel) need not transmit a PRTS return 
signal; the PRTS beacon supports one-way forward navigation 
without use of any return signal. 


The baseline PRTS return signal is specified as a low data 
signal that uses a signal structure compatible 
with ATDRSS SMA return service, supported by either the SMA 
system or a dedicated PRTS return channel. The baseline 
PRTS return signal structure, its generation, and its 
processing are discussed in the section that follows. 

4. 1.3. 1.1 Baseline PRTS Return Signal Structure 

oiif baseline PRTS return signal could be a one-way ATDRSS 
SMA, S-band single access (SSA), or even KSA return signal 
as long as it supports one-way return pseudorange and, less 
important, pseudorange-rate measurement. The only purpose 
of one-way pseudorange measurements using the baseline PRTS 
return signal is to allow estimation of the PRTS Remote 
station clock biases. As demonstrated using ORAN, the PRTS 
return signal measurements must be available at least every 
12 hours to support estimation of Remote Station clock 
biases. The relay of Remote Station data, however, requires 
more frequent return transmission, modeled here as at least 

?PTQ m i£? te C0 ? tac J every hour * Given ATDRSS resources, the 
PRTS return signal would be supported best by the SMA return 
system or by u dedicated PRTS return channel. 
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To consider both possible options, it has been assumed that 
the dedicated PRTS return channel is provided at S-band and 
is essentially compatible with the SMA return system. The 
baseline PRTS return signal is then specified as 

o Modulation: SQPN 

o PN code rate: 31/(240 x 96) x (carrier frequency) 

o PN code length: 2 11 - '1 

o PN code family: Gold codes 

o Data format: Nonreturn to zero (NRZ ) 

o Data rate: 125 bps 

o Carrier frequency: 2287.5832 MHz (nominal) 

The cited data rate of 125 bps may be less than that 
supported by the SMA return system, but it can be readily 
raised to any minimum required data rate. Similarly, the 
specified carrier frequency may be changed if necessary to 
support a dedicated PRTS return channel. 

4. 1.3. 1.2 Baseline PRTS Return Signal Generation and Relay 

As discussed, the PRTS return signal might be supported 
either by the ATDRSS SMA return service or by a dedicated 
PRTS return channel. Because there is no requirement that 
the PRTS ground stations communicate simultaneously with the 
AGT, only a single SMA return channel might be used to 
support the baseline PRTS return signal, the beam being 
formed and directed independently to each Remote Station. 

If supported by a dedicated return channel, the return 
signal transmissions might be similarly time division 
multiplexed through scheduling of the return transmissions. 
Alternatively, if the PRTS dedicated channel is supported by 
an ATDRS antenna with sufficient coverage, and if the AGT 
can support simultaneous processing of several PRTS return 
signals from a single ATDRSS satellite, then distinct PN 
codes might be used by each PRTS ground station to provide 
code division multiplexing. 

Although reduction of signal path delay uncertainties is 
necessary in the generation of the PRTS beacon signal, the 
PRTS return signal path does not need to be calibrated to 
the same level of accuracy. Using ORAN, ATDRSS OD 
accuracies were shown to be influenced only slightly by 
range biases on the PRTS return signal path, even assuming 
worst-case conditions. For example, in TDRSS, two-way range 
systematic error contributions due to the TDRSS satellite 
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and ground terminal are specified as ± 35 ns and + 30 ns, 
respectively (Reference 4-4). Accordingly, similar values 
may be applied to the one-way PRTS return signal as worst 
case numbers by assuming a 3-c uncertainty of 10 m (33 ns) 
in the return path through the PRTS ground station and 
ATDRSS spacecraft and an equal uncertainty through the 
ATDRSS spacecraft and AGT. By comparison, similar modeling 
of the current TDRSS BRTS' has used even smaller range bias 
values . 

Independent of whether the PRTS return signal is supported 
by a return SMA channel or a dedicated channel, the link 
budget of Table 4-2 assumes S-band return communications 
from the PRTS ground stations to the ATDRSS satellite and 
focuses on that link as typically the weaker of the two 
ATDRSS links. This link budget applies to both baseline 
PRTS and MPRTS. The link budget is parameterized by the 
ATDRSS G/T supporting the PRTS return signal and the 
transmit power at the ground station, assuming that the 1-m 
parabolic dish used by the PRTS ground stations to receive 
the beacon is diplexed to transmit the PRTS return signal. 

If supported by a return SMA channel and the G/T 
corresponding to a formed beam, the PRTS ground stations can 
easily provide the necessary power to satisfy minimum 
signal-to-noise requirements at the AGT. If supported by a 
dedicated PRTS return channel that offers full Earth 
coverage, however, then considerably less G/T would be 
available. Even then, link margin requirements could be 
readily met simply by increasing the power of the PRTS 
ground station transmitters or possibly increasing the size 
of the antenna. 

As an example, a dedicated PRTS channel might be provided 
through diplexing the PRTS beacon antenna. Two possible 
beacon antenna options have been discussed: a 0.4-m 

parabolic dish and use of a single element of the SMA 
array. If the beacon antenna were a 0.4-m parabolic dish, 
then, assuming a noise temperature of 170° K for the on- 
board S-band LNA (corresponding to a noise figure of 
1.6 dB), the ATDRSS G/T would be -5.8 dB/K. Alternatively, 
if the beacon were supported by a single element of the SMA 
array, then, assuming state-of-the-art technology, the 
element might be diplexed (or another single element used) 
to support a G/T of -11 dB/K (Reference 4-5). 

The reduced G/T of a dedicated PRTS return channel compared 
to nominal SMA return service implies that the PRTS ground 
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Table 4-2. PRTS Return Signal Link Budget 
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stations will provide more EIRP than do typical ATDRSS SMA 
users. Assuming a return SMA signal structure is supported 
by the PRTS dedicated channel, interference difficulties may 
be mitigated by using an orthogonal polarization (e.g., 
right-hand circular polarization rather than the TDRSS 
return SMA system’s left-hand circular polarization) or, if 
necessary, by allocating a different return carrier 
frequency to support the PRTS dedicated return channel. 

4. 1.3. 1.3 Baseline PRTS Return Signal Processing and 
Network Synchronization 

Processing of the baseline PRTS return signal is performed 
by the AGT: the PN code and carrier phase are tracked, 

range and range-rate estimates are extracted, and data is 
demodulated. The baseline PRTS return signal is meant to 
provide one-way return range and range-rate measurements, 
although one-way return ranging is not currently supported 
by TDRSS and is not explicitly specified for the AGT 
(Reference 4-6). Ionospheric correction of the S-band 
return signal is achieved through the Remote Station 
measurements of the PRTS S-band beacon signal: the beacon’s 

measured ionospheric delay is included as data on the return 
signal and, after scaling to the return S— band frequency, 
applied to the return signal (ionospheric delay of Ku- or 
Ka-band SGL is neglected) . This procedure to allow 
ionospheric correction of the signal received at the AGT is 
also followed in MPRTS . 


The return signal range and range-rate uncertainties have 
been conservatively modeled in this study as those that 
would correspond to dedicated one-way return S-band 
performance: 7.5-m (3-o) range uncertainty, 

3.5 millimeters per second (mm/sec) (3-cr) range-rate 
uncertainty. Such values require a received C/Nq of at 
least 43.4 dB-Hz and a carrier loop SNR of at least 21.4 dB 
assuming 10 sec Doppler averaging time and fairly 
conservative performance (Reference 4-7). Achievement of 
the indicated range uncertainty and C/Nq of 43.4 dB-Hz is 
then the main driver. The link budget shown in Table 4-2 
and the previous discussion concerning support of the 
dedicated PRTS return channel allow calculation of the PRTS 
return signal transmit power. Assuming use of a diplexed 
0.4— m parabolic antenna and a 170° K LNA onboard the 
ATDRSS satellites (to provide G/T of -5.8 dB/K) , the ground 
station transmit power must be -7.7 dBW or greater; assuming 
use of a single diplexed SMA element providing G/T of 
-11.0 dB/K, the ground station power must be at least 
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Given a set of one-way PRTS beacon and one-way PRTS return 
signal measurements as obtained in baseline PRTS, the clock 
biases between the Remote and Master Stations may be 
estimated to establish PRTS network synchronization. 

Figure 4-5 provides a simple illustration of the concept, 
demonstrating how the forward and return measurements made 
between a single Remote Station and the Master Station may 
be differenced to yield an estimate of the constant offset 
between their respective clocks. 

The key element of Figure 4-5 is the manner in which time is 
referenced to the Master Station's clock. Because the PRTS 
Remote Stations are frequency synchronized to the Master 
Station via the PRTS beacon signal, only the offset in phase 
between clocks is significant. The error in the bias 
estimate of Figure 4-5 is dominated by those elements of the 
forward and return signal paths that are not identical: 
differences in path delay due to nonsimultaneity of the 
forward and return measurements that have not been 
adequately corrected, uncorrected differences in the path 
delay due to non-identical forward and return path delays, 
and so forth. In assessing PRTS/ATDRSS OD performance,* 
these errors have been modeled in ORAN as range biases in 
the forward and return signal paths with a 3-m (3 -a) 
uncertainty at each node. 

4. 1.3. 2 MPRTS Return Signal 

In MPRTS, the S-band return signal is intended to support 
the two-way communications required by MPRTS. To avoid 
burdening the SSA return system, a dedicated S-band return 
channel is provided with the ATDRS beacon emitter diplexed 
as a receive antenna. The signal structure is defined in 
the MPRTS system specifications (Reference 4-2) and is 
designed to be compatible with the reference channel of the 
beacon to allow its coherent turnaround. The return signal, 
thus, has a transmit frequency coherently related to the 
beacon's reference channel receive frequency and the epoch 
of the signal's PN code is synchronized to the received PN 
code epoch of the beacon reference channel. 

4. 1.3. 2.1 MPRTS Return Signal Structure 

The MPRTS return signal is a PN-spread low data rate signal 
coherently related to the received PRTS beacon reference 
channel. The return carrier frequency and PN code rate are 
thus related to the received beacon reference channel 
frequency, whereas the PN code length is the same as that of 
the reference channel. The return channel is 6 MHz wide to 
provide measurement resolution comparable to current two-way 
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TDRSS navigation services. More complete discussion of the 
MPRTS return signal is provided in the MPRTS system 
specification (Reference 4-2) . 

4. 1.3. 2. 2 MPRTS Return Signal Generation and Relay 

Much of the discussion concerning baseline PRTS return 
signal generation applies to MPRTS, with the distinction 
that the MPRTS return signal is coherently related to the 
received PRTS beacon signal. Because ATDRSS OD using MPRTS 
relies on the return signal, a dedicated channel is required 
to avoid dependence on ATDRSS user services. The link 
budget of Table 4-2 and the accompanying discussion 
surrounding use of a dedicated PRTS return channel then 
apply directly to MPRTS. 

4. 1.3. 2. 3 MPRTS Return Signal Processing 

Processing of the MPRTS return signal is performed by the 
ATDRS Ground Terminal in the same manner as any two-way 
signal: the PN code and carrier phase are tracked, range 

and range-rate estimates are extracted, and data is 
demodulated. The MPRTS ground station estimates of the 
beacon's ionospheric delay are included as part of the 
return signal data and are used to correct the forward and 
return S-band range measurements. Range and range-rate 
uncertainties are otherwise similar to those obtained in 
nominal ATDRSS S-band two-way navigation; there is no need 
to estimate Remote Station clock biases with two-way 
measurements . 

4.1.4 PRTS STATION ARCHITECTURE 

The ground station design depends in part on which 
system — baseline PRTS or MPRTS — is employed, with the MPRTS 
station architecture representing a simplification of the 
baseline PRTS design. In general, the PRTS ground stations 
are envisioned to be relatively compact facilities, capable 
of operating untended for extended periods. Many of the 
system's functions may be implemented at the circuit-board 
level and would be incorporated into thermally controlled 
units suitable for ready deployment. The usual requirements 
of any ground station apply, e.g., adequate shelter, power, 
and environmental control. Moreover, to minimize the 
effects of station position uncertainty, the station sites 
must be surveyed using state-of-the-art techniques to locate 
the absolute antenna boresight position with respect to 
Earth-centered coordinates accurate to within 75 cm (3 a) 
in each of three dimensions. 
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The following discussion treats the station architectures of 
both baseline PRTS and MPRTS system options, covering the 
baseline PRTS station architecture and then highlighting the 
differences involved in MPRTS. 

4. 1.4.1 Baseline PRTS Station Architecture 

Elements of the baseline PRTS Master and Remote Stations are 
treated in detail in the baseline PRTS system specifications 
(Reference 4-1) and are summarized in Figure 4-6, which 
depicts common attributes of both the baseline PRTS Master 
and Remote Stations. Those stations that observe more than 
one ATDRSS satellite, such as the Master Station and those 
Remote Stations supporting ATDRS-C as well as ATDRS-W or 
ATDRS-E , must be equipped with distinct and independent 
equipment chains to support each observed satellite. The 
distinctions between the Master and Remote PRTS Stations are 
relatively minor and are noted in the following discussion 
of the seven station components: the station executive, 

PRTS transmitter subsystem, antenna subsystem, PRTS receiver 
subsystem, station clock subsystem, atmospheric monitor 
equipment, and Nascom interface equipment. 

4. 1.4. 1.1 Station Executive 

The station executive provides the highest level of control 
of the PRTS tracking station and would be implemented as one 
or more mini- and/or microcomputers. Functions include 
control of all processing of the received PRTS beacon 
signal, calibration of the station's equipment, final 
calculation of the station's range and range-rate 
measurements after correction for various error sources, and 
preparation of the data to be relayed back to the Master 
Station via the PRTS return signal. A distributed control 
strategy is envisioned in the design of the PRTS ground 
stations so that corrections established by the station 
executive are made available to other elements of the 
station as required. In the case of the Master Station, the 
station executive must support the generation of the beacon 
signal and interface with NASA's FDF and/or the NCC to 
obtain updates to the beacon's navigation message. Many of 
the functions of the station executive are identical in both 
the baseline PRTS and MPRTS options. 

4. 1.4. 1.2 Baseline PRTS Transmitter Subsystem 

In each Remote Station, the baseline PRTS transmitter 
subsystem comprises the upconverter, S-band high-power 
amplifier (HPA) , and signal generator necessary to produce 
the baseline PRTS one-way return signal. In addition, the 
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transmitter subsystem supports calibration of the Remote 

generating a PRTS beacon signal to calibrate the 
Ry ? r f? eiver subsystem and local calibration signals for 
estimation of system delays. 

In the Master Station, a beacon signal generator for each 
supported ATDRSS satellite must also support continuous 
generation of the PRTS beacon signal, providing an 

each r satellitJ reqUenCy <IF) 0utput to the AGT for uplink to 


4 . 1 . 4 . 1 . 3 Antenna Subsys t em 

At the PRTS ground stations, a 1-m diplexed parabolic dish 

f ecept f on ? f the PRTS beacon and transmission 
the PRTS return signal for each observed ATDRSS 

PRTS ? UbSySte ™ is identical in both the baseline 

PRTS and MPRTS options. Because the ATDRSS satellites are 
in geosynchronous orbits, antenna pointing is not a required 
?n?o b i^ lty unl f s ® non-nominal tracking, such as during orbit 

Ihltl ,° n ' b ® su PP° rted - m the PRTS Master Station, 

three 1 m antennas and their associated equipment chains are 

required to support observation of the beacons transmitted 
by the three ATDRSS satellites. transmitted 

J?® hoaiS 6 SrT>n nt ?? na Size is de pendent on trade-offs among 

the ATDRS^inriT' £ bS ATDR ? G/T for the return channel, and 
the ATDRS inclination. Given the potential that the atdr«?«: 

sateintes would be maintained within a 0?5-degree 

inclination as assumed in this report, it may be possible to 

increase antenna gain further (by increasing^! antenna * 

need'f^ 616 ? 7 redu f in 9. the beamwidth) without imposing the 
h ® fi? ateerin 9- Adequate link margin might then 

. schieved with further reductions in the PRTS beacon 

at a S TeL? OW H r ' a ^bh°ugh the beacon EIRP must be maintained 
»?tL, r • a< ?f? uate to support the ATDRS user communit? 
altuna lf * cant burden. Final selection of the PRTS 

l^RSS lesion ?t« n «? n ? a depends ° n aspects of the 

user parameters =nH tatl<?nkeeping requir ements, and ATDRSS 
of now? * d requirement s that are not fully known as 

4. 1.4. 1.4 Baseline PRTS Receiver Subsystem 

?aoah?f e ie ne PR T S . stations ' Remote and Master, must be 

to P obtain f oie C61Vin9 a 2 d processinq the PRTS beacon signal 
to obtain one-way pseudorange and pseudorange-rate 

measurements as well as ionospheric delay estimates. A 

gital implementation has been assumed in Figure 4-6 and is 

explained in detail in the PRTS system specifications 
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(Reference 4-1) . The baseline PRTS receiver subsystem 
effectively processes the reference channel separately to 
extract the beacon navigation message, a coarse PN range 
measurement, and a range-rate measurement. This processing 
of the reference channel is also used by the station 
executive to estimate any variation with time of the 
ionospheric delay. Processing of all the PRTS beacon 
channels then yields a precise time-of-arrival measurement 
and measurement of the absolute ionospheric delay, while 
allowing the Remote Stations to frequency synchronize their 
local clocks to the beacon and to the Master Station clock. 

The baseline PRTS receiver subsystem is not responsible for 
data recovery and range and range-rate extraction of the 
PRTS return signal, however, because these functions are 
assumed to be performed by the AGT. 

4. 1.4. 1.5 Baseline PRTS Station Clock Subsystem 

The baseline PRTS station clock subsystem includes the 
frequency standard used throughout the ground station as a 
reference for the many ground station digital circuit 
elements. Because the Remote Stations are held frequency 
synchronous with the Master Station through the beacon, a 
high-quality crystal oscillator would suffice as the Remote 
Station- frequency standard. Measurement of one-way 
range-rate, however, requires an independent frequency 
standard to measure the shift in receive frequency from the 
nominal transmit frequency due to the Doppler effect. 
Furthermore, because worst-case scenarios may involve loss 
of the beacon for hours or even days, a superior frequency 
standard such as a cesium-beam oscillator is indicated. 
Cesium standards exhibit the low drift rate desired and have 
been field tested for years in similar applications. 

Similarly, the Master Station must use a cesium-beam 
standard in its generation of the PRTS beacon signal to 
minimize frequency deviations from nominal. The needs of 
ATDRSS are best served if the PRTS beacon and all other 
ATDRSS services share a common frequency reference in the 
same manner that the Common Time and Frequency Standard is 
used in TDRSS. The Master Station is, therefore, assumed to 
be referenced to the AGT’s frequency standard. 

4. 1.4. 1.6 Atmospheric Monitor Equipment 

Atmospheric monitor equipment accompanies each PRTS ground 
station and provides atmospheric and meteorological 
measurements to the station executive. Surface 
meteorological measurements are used with mathematical 
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models of the troposphere to estimate the tropospheric delay- 
contributions to the measured pseudorange. Tropospheric 
delays might also be inferred through use of water vapor 
radiometer line-of-sight measurements to each observed 
ATDRSS satellite, but such measurements, although precise, 
are of uncertain accuracy for many local weather conditions. 

4. 1.4. 1.7 Nascom Interface Equipment 

As a contingency, Nascom interface equipment is provided at 
each PRTS station to allow the exchange of commands and data 
among the PRTS Remote Stations, the Master Station, and 
other NASA facilities. Although Nascom support could allow 
relay of PRTS Remote Station measurements in the event of 
loss of the dedicated PRTS return channel, the availability 
of only one-way forward pseudorange and pseudorange-rate 
measurements would not permit estimation of the clock biases 
to establish baseline PRTS network synchronization. 

4. 1.4. 2 MPRTS Station Architecture 

The MPRTS ground stations are designed to provide adequate 
resources to meet all performance goals and minimize 
staffing and maintenance requirements. To this end, the 
ground stations comprise the basic subsystems required to 
perform coherent signal turnaround with autonomous control 
features that preclude the need for on-site personnel, 
except for periodic maintenance and repair. 

Each MPRTS ground station is composed of a station 
executive, MPRTS S-band transponder, station clock 
subsystem, antenna subsystem, atmospheric monitor equipment, 
and Nascom interface equipment, as illustrated in 
Figure 4-7. The last three MPRTS subsystems are identical 
to those of the baseline PRTS option and are not discussed 
further; the other subsystems are somewhat different from 
their baseline PRTS counterparts. For example, the MPRTS 
station executive, although similar in many functions, 
prepares a different return data stream than in the baseline 
PRTS option. In the same manner, the MPRTS transponder 
combines aspects of the baseline PRTS receiver and 
transmitter subsystems to allow two-way coherent turnaround 
and one-way ionospheric delay estimation to support MPRTS 
ATDRSS tracking as well as allowing one-way PRTS processing 
for those ATDRSS users desiring the full PRTS 
range-measurement precision. Furthermore, because MPRTS 
does not rely on one-way pseudorange and pseudorange-rate 
measurements, the MPRTS clock subsystem requirements are 
less stringent than in the baseline PRTS option. 
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Figure 4-7. MPRTS Ground Station Architecture 



4. 1.4. 2.1 MPRTS Station Executive 

As in baseline PRTS, MPRTS ground station operation is 
controlled by a resident computer, designated the station 
executive, which is responsible for initiating and 
coordinating station activities. The station executive 
performs routine operations to satisfy operational 
requirements and ensure station integrity; it processes the 
recovered beacon data stream to extract necessary data and 
then respond to received commands; and it gathers 
information from station subsystems and sensors to monitor 
overall system performance and prepare data to be relayed 
back to the AGT via the MPRTS return signal. 

Compared to the station executive functions in baseline 
PRTS, no significant concurrent or dedicated computation is 
required to operate an MPRTS ground station, permitting 
system management and data processing tasks to be handled 
sequentially. The architectural requirements for the 
station executive are thereby simplified so that 
off-the-shelf microcomputer technology can be employed. Use 
of such standard computer technology greatly reduces costs 
that would otherwise be incurred with larger, more complex 
systems . 


4. 1.4. 2. 2 MPRTS Transponder 

The MPRTS ground station transponder combines elements of 
the baseline PRTS receiver and transmitter subsystems in 
order to support both two-way coherent turnaround, as needed 
for MPRTS ATDRSS tracking, and one-way pseudorange and 
pseudorange-rate estimation for those ATDRSS users desiring 
to take full advantage of the measurement precision of the 
PRTS beacon. The MPRTS transponder design concept detailed 
m the MPRTS system specifications (Reference 4-2) is thus 
very similar to the baseline PRTS transceiver, except that 
the generated MPRTS return signal is coherently related to 
the received PRTS beacon. 

4. 1.4. 2. 3 Modified PRTS Station Clock 

Timing requirements for the MPRTS Remote Stations are 
relatively simple because one-way pseudorange is not used 
for ATDRSS OD. Local time is required to tag ionospheric 
and meteorological data and to support scheduling for 
routine housekeeping. The clock used by the station may be 
periodically corrected by extracting time information from 
the beacon, implying clock offsets between the AGT and the 
ground stations of up to a few hundred psec. This 
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relatively low level of synchronization, however, is more 
than adequate for all station functions. 

The station clock's reference oscillator serves as the 
frequency source for supporting signal turnaround within the 
transponder. Stability here requires a source comparable to 
a thermally controlled crystal oscillator. The exact 
oscillator frequency remains a design issue and is 
contingent on synthesizer requirements within the 
transponder . 

4.1.5 PRTS NETWORK OPTIONS 

The location of each of the Master and Remote Stations, for 
both baseline PRTS and MPRTS, depends on 

• Visibility with respect to each of the ATDRSS 
satellites 

• Geographical, climatic, and political constraints 

• OD performance as a function of the 
network/satellite geometry 

To reduce signal degradation due to ground reflections, 
dispersive effects through the atmosphere, and large 
uncertainties in the tropospheric delay, the PRTS ground 
stations must view the ATDRSS satellite with an elevation 
angle of at least 10 degrees. The stations are best 
situated in areas with dry climatic conditions and stable 
geological features. State-of-the-art surveying (e.g., 
periodic long-term integration of differential Global 
Positioning System (GPS) measurements or mobile radio 
interferometric measurements) is required to determine the 
absolute antenna boresight position with respect to 
Earth-centered coordinates accurate to within 75 cm (3 ct) 
in each of three dimensions. 

Satellite OD accuracy depends in large measure on the 
tracking network geometry with respect to the observed 
satellite. Generally, long baselines in both N-S and E-W 
components are desirable to minimize the geometric dilution 
of precision. Geographical and political constraints 
necessarily limit the achievable network geometry, 
especially because the most desirable station locations 
reflecting geopolitical and NASA operations considerations 
are those situated within CONUS. 
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Due to their locations, the beacon footprints of ATDRS-E and 
ATDRS-W do not allow a long-baseline network capable of 
observing both satellites; consequently, independent PRTS 
networks have been chosen for ATDRS-E and ATDRS-W. Three 
networks for each satellite have been considered, one 
defining an all-CONUS network, the others achieving 
intermediate and long baselines by situating stations 
outside CONUS. 

Station locations for the PRTS network have been selected to 
correspond to existing NASA facilities and possible station 
locations on or near property currently leased, owned, or 
used by the U.S. Government. The sites selected are in no 
way intended to be final but were simply chosen to provide 
concrete examples of PRTS tracking performance. The ground 
stations used to define the various PRTS networks are 
indicated in Table 4-3 and shown in Figure 4-8. 

PRTS observations of ATDRS-C have not been a focus of this 
study because ATDRS-C is considered a spare and does not 
support operations. Moreover, with the selected PRTS track- 
ing sites, the network geometries supporting OD of ATDRS-C 
are, in general, superior to those supporting OD of ATDRS-E 
and ATDRS-W. Consequently, PRTS/ATDRSS OD performance is 
likely to be better for the ATDRS-C than for ATDRS-E or 
ATDRS-W and has not been specifically investigated in this 
study. 

4. 1.5.1 CONUS-Based PRTS Network 

The following networks of ground stations are restricted to 
CONUS : 

• ATDRS-E is observed by WHS, MIL, and GSFC. 

• ATDRS-W is observed by WHS, VAN, and WAS. 

• ATDRS-C may be observed by any of these five 
stations, with WHS being the Master Station and the 
best network geometry obtained by WHS, WAS, and 
GSFC. 

4. 1.5. 2 Intermediate-Baseline PRTS Network 

The following networks of ground stations are primarily 
restricted to CONUS, but each includes one outlying station: 

• ATDRS-E is observed by WHS, GSFC, and ACN. 

• ATDRS-W is observed by WHS, WAS, and HAW. 

• ATDRS-C may be observed by WHS, HAW, and GSFC. 
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Table 4-3. PRTS Ground Station Sites 


ACRONYM 

location 

VISIBILITY 

APPLICABLE 
PRTS NETWORKS 

REMARKS 

WHSK/WHS 

white sands, nm 
(32* N, 1 07“ W) 

WEST, CENTRAL, EAST 

ALL 

ATDRSS GROUND TERMINAL 

G$FC 

GREEN8ELT, MO 
(39* N, 76* W) 

CENTRAL 

EAST 

ALL 

CONUS, INTER, 

GODOARD SPACE FLIGHT CENTER 

MIL 

MERRITT ISLAND, FL 
(29* N, 81* W) 

CENTRAL 

EAST 

CONUS 

EXISTING NASA FACILITY; 
STDN SITE 

VAN 

vandenburg afb, ca 
(35* N, 121* W) 

WEST 

CENTRAL 

CONUS 

STDN SITE 

WAS 

RICHLAND, WA 
(46* N, 119* W) 

WEST 

CENTRAL 

CONUS, INTER, 
CONUS 

COARSE COORDINATES 
near hanford-n WEAPONS 
REACTOR 

ACN 

ascension islano 
(8* S, H* W) 

EAST 

INTER., LONG 

BRTS TRANSPONDER SITE 

HAW 

HAWA 1 1 

(22* N, 159* W) 

WEST 

CENTRAL 

INTER, 1 

INTER. 

STDN SITE 

6WM 

GUAM 

(13* N, 144* E) 

WEST 

LONG 

STDN SITE 

AMS 

AMERICAN SAMOA 
(14* S, 171* W) 

WEST 

CENTRAL 

LONG 

LONG 

BRTS TRANSPONDER SITE 

REY 

REYKJAVIK, ICELAND 
(64* N, 22* W) 

EAST 

LONG 

COARSE COORDINATES NEAR 
NATO AIR STATION AT KEFLAVIK 
OPERATED BY U.S. NAVY 
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4. 1.5. 3 Lona-Baseline PRTS Network 

The following networks of ground stations provide the longest 
baselines and generally the most advantageous geometries: 

• ATDRS-E is observed by WHS, ACN, and REY . 

• ATDRS-W is observed by WHS, GWM, and AMS. 

• ATDRS-C may be observed by WHS, GSFC, and AMS. 


4.2 PRTS SYSTEM ASSESSMENT 

For both the baseline PRTS and MPRTS options, the following 
sections assess the impact on ATDRSS development and 
operations; cost and staffing requirements; reliability, 
maintainability, and availability; the technological risks 
associated with implementation of PRTS and MPRTS; and the 
ATDRSS OD performance achievable with both options. 

4.2.1 ATDRSS IMPACTS 

Integration of ATDRSS and either baseline PRTS or MPRTS 
imposes several direct requirements on the ATDRSS space and 
ground segments. In general, baseline PRTS and MPRTS affect 
ATDRSS similarly, the only difference being in the return 
signal types that must be supported for the two system 
options. The following subsections discuss the ATDRSS 
impacts common to both systems, with any distinctions 
between baseline and MPRTS indicated in the text. 

Implementation of baseline PRTS or MPRTS and its 
incorporation into ATDRSS affect ATDRSS development and 
operations in three distinct ways: 

• Support of the PRTS signal structure as the ATDRSS 
navigation beacon 

• Determination of ATDRSS ground and space segment 
signal path delays 

• Support of the baseline PRTS or MPRTS return signal 

4. 2. 1.1 Support of the PRTS Beacon 

Both baseline PRTS and MPRTS assume that a PRTS signal is 
transmitted as the ATDRSS S-band navigation beacon. Such a 
beacon is part of the current ATDRSS architecture, and a 
navigation beacon signal structure has been recommended 
(Reference 4-4). In itself, any ATDRSS navigation beacon 
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requires appropriate SGL and S-band frequency allocations 
and an onboard emitter to provide the necessary beacon EIRP 
and ATDRSS user coveraqe. An element of the SMA array or a 
dedicated antenna may be used to support the navigation 
beacon, as has been discussed. 

The PRTS signal structure incorporates the recommended 
S-band navigation beacon as one of its spectral components 
in order to support non-PRTS navigation. The PRTS signal 
structure, however, imposes some additional requirements: 

• Bandwidth for the four PRTS spectral components 
must be allocated at S-band and in the ATDRSS uplink, where 
the PRTS beacon signal occupies 16.2 percent of a span of 

78 MHz (compared to the single 6.138 MHz channel required by 
the recommended S-band beacon) 

• An EIRP of at least 29.0 dBW must be provided 
(compared to the recommended beacon's minimum EIRP of 

22.8 dBW), although this requirement might be reduced if the 
PRTS ground stations are enhanced accordingly 

Finally, not all PRTS processing is performed by the PRTS 
Master and Remote Stations; specifically, uplink of the PRTS 
beacon signals to the ATDRSS satellites and the processing 
of either the baseline PRTS or MPRTS return signal are 
handled by the AGT. The major issue in both cases is the 
necessary calibration of forward and return system delays to 
minimize the impact of unknown range biases on ATDRSS OD. 

4. 2. 1.2 ATDRSS Delay Calibration 

Transit time of the PRTS beacon signal path must be known to 
minimize the impact of range bias on user navigation and 
ATDRSS OD processing. Consequently, signal-path delays 
through the ATDRSS space and ground segments as well as 
through the PRTS Master Station and Remote Stations are 
assumed to be calibrated. The forward-path delay 
uncertainty, combining the effects of the uplinked beacon 
signal and its transit through the ATDRSS satellite, has 
been modeled in ORAN as a range bias on the forward Master 
Station-ATDRS link of 6 m (3 a), assuming a delay 
uncertainty of 20 ns (3 o) . 

Similarly, uncertainties in the baseline PRTS or MPRTS 
return signal path must be reduced through delay 
calibration. In baseline PRTS, because the return signal is 
used to estimate clock biases and is not explicitly used in 
ATDRSS OD, the return-path delay uncertainty has been shown 
through ORAN runs to be less critical than the forward 
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uncertainty. As a result, the baseline PRTS return signal 
may be successfully supported by a nondedicated channel, 
where, accordingly, the return-path delay uncertainty due to 
the ATDRSS satellite and its processing by the AGT has been 
modeled with a 3 -a range bias uncertainty of 10 m (33 ns) 
to reflect the biases present in the current TDRSS BRTS 
tracking system. 

In MPRTS, and as an option in baseline PRTS, the return 
signal is supported by a dedicated return channel. In such 
cases, the return path delay uncertainty has been modeled as 
a 3-o range bias on the return ATDRS-Master Station link 
of 6 m. 

Measurement of path delays at the PRTS Master and Remote 
Stations is provided by the PRTS station architecture; 
measurement of the PRTS forward and return signal path 
delays through the ATDRSS space and ground segments, 
however, requires additional ATDRSS capabilities. Those 
ground segment elements responsible for the AGT uplink of 
the PRTS beacon signals to each of the ATDRSS satellites and 
its processing of the downlinked PRTS return signals must 
support delay calibration. 

The beacon signal path through the ATDRSS satellites must be 
calibrated to allow support of one-way navigation and time 
transfer. In the case of the ATDRSS space segment, the best 
solution is onboard measurement of a calibration signal 
generated locally and injected at the appropriate access 
point(s). Such calibration need not interfere with emission 
of the beacon signal if, for example, the calibration signal 
is a tone outside the beacon or return frequency band but 
within the equipment bandwidth. The time base for such 
differential measurements would be derived from the ATDRSS 
satellite frequency system, whether referenced to an 
uplinked pilot tone or an onboard oscillator. If such local 
onboard measurements were not possible, the alternative 
would be extensive ground testing and characterization of 
the signal-path delays. Onboard monitoring and telemetry of 
component temperatures might then be used to allow modeling 
and estimation of the transit delays to the necessary 
accuracy. 

4. 2. 1.3 Support of the Baseline PRTS or MPRTS Return 
Signal 

In baseline PRTS, the return signal permits synchronization 
of the ground stations while allowing the relay of the 
one-way ground station observations; in MPRTS, the return 
signal from the ground stations directly supports ATDRSS OD 
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by providing the means to make two-way range and range-rate 
measurements. The different significance of the return 
signals in the two system options results in two distinct 
approaches: in baseline PRTS, the return signal may be 

supported by nominal ATDRSS return services or by a 
dedicated channel; in MPRTS, the return signal must be 
supported by a dedicated return channel to ensure ATDRSS OD 
performance. 


In baseline PRTS, where the ground stations maintain 
independent time standards to obtain one-way measurements, 
clock synchronization between each PRTS Remote Station and 
the Master Station is estimated as part of the PRTS/ATDRSS 
OD processing. The one-way forward beacon measurements 
alone, however, do not provide sufficient information for 
estimation of the Remote Station clock biases. To 
supplement those measurements, return signals from each of 
the PRTS Remote Stations are transmitted via ATDRSS back to 
the AGT, thereby relaying the Remote Station measurements 
and allowing one-way return range and range-rate measurement 
to be made by the AGT. 


The return signal of baseline PRTS is envisioned as an 
S-band signal using essentially the same signal structure as 
a TDRSS Mode 2 return SMA signal to support low-data-rate 
communications and one-way return range and range-rate 
measurement. The return signal may be supported by a 
variety of ATDRSS resources, but the two most likely options 
are use of SMA return services or use of a dedicated PRTS 
return channel. If supported by SMA return service, PRTS 
return signals from each of the ground stations would 
require scheduled return service at least once an hour; if 
supported by a dedicated return channel, unscheduled 
communications from a PRTS ground station would be permitted 
through code division multiplexing or even through 
scheduling of ground station contacts. At this time, 
however, one-way return ranging is not specified as a 
function supported by the AGT (Reference 4-6), even though 

P !L?f? pre ? ding of s_band return signals is required. The 
additional Ground Terminal processing to recover one-way 
return range is not likely to be extensive and may be 
implicit m the required ATDRSS support of time transfer 
(Reference 4-6) . 


In MPRTS, ATDRSS OD requires that a component of the PRTS 
beacon received by the MPRTS ground stations be coherently 
turned around to permit two-way range and range-rate 
measurements by the AGT. The MPRTS return signal is 
envisioned as an S-band signal using essentially the same 
signal structure as a TDRSS Mode 1 return SMA signal. To 
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avoid interference with other SMA users, however, a separate 
frequency channel may be required, using a non-nominal 
coherent turnaround ratio. At this time, further 
investigation is needed fully to determine the exact 
characteristics of the MPRTS return dedicated channel. AGT 
processing of the MPRTS return signal is virtually the same 
as for any ATDRSS user (i.e., data and two-way range and 
range-rate are extracted), except that the MPRTS return 
signal data includes information used to correct the 
measured two-way range for ionospheric delays. 

In both MPRTS and baseline PRTS, a possible means to support 
a dedicated return channel would be to diplex the beacon 
emitter, thereby achieving full coverage of the PRTS network 
of ground stations. Interference with other ATDRSS S-band 
users would be avoided by use of an orthogonal polarization 
or, as a last resort, a distinct frequency allocation. The 
advantage of a dedicated return channel is that it supports 
the relay of PRTS ground station measurements and PRTS 
network synchronization without burdening ATDRSS user 
services, although the provision of such a channel 
represents a significant impact to the ATDRSS design, 
affecting both the space and ground segments. 

4.2.2 COST AND STAFFING REQUIREMENTS 

Estimates of the expenses required to field either baseline 
PRTS or MPRTS and operate the system over a 10-year period 
have been made, based on the level of system detail 
presented here and in the corresponding system 
specifications. The cost estimates assume that complete 
system specifications (as opposed to conceptual designs) 
would be available at the start of the design and 
development cycle. For either system option, given the 
current level of development, it is estimated that an 
additional $2.5 million study phase would be required to 
produce adequate system specifications, with such funds 
supporting further system analysis and the development of an 
engineering model for field testing. Results from these 
tests would then be used to complete a specification 
suitable for use in implementing an ultimate PRTS network. 

4.2.2. 1 Baseline PRTS Life-Cycle Costs 

Based on the requirements presented in the associated 
baseline PRTS documentation, the price for the system has 
been estimated at approximately $25.6 million in 1988 
dollars (Reference 4-8). This cost estimate reflects 
deployment of a system of nine stations to support ATDRSS 
satellites in three geostationary orbital slots. 
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Development and deployment of the system is estimated to 
cost $19.5 million; the remaining $6.1 million is allocated 
for operations and maintenance over a 10-year period. 
Additional options to enhance performance might also be 
included, including the use of water vapor radiometers for 
precise troposphere-delay estimation and data-coding/ 
decoding capabilities. Such options would increase the 
system cost by roughly $1 million. 

Several assumptions have been made in forming this 
estimate. First, it is presumed that a beacon capability, 
estimated to cost in itself $12 million, is included as part 
of the baseline ATDRSS satellite architecture independent of 
the cost of baseline PRTS. Second, no attempt has been made 
to assess system reliability, although system redundancy 
would certainly affect both network complexity and cost. 
Next, operation, maintenance, and repair of the ground 
facilities over a 10-year period are included in the cost 
model, with a seven-member staff specified to perform these 
functions. Finally, the cost estimates have emphasized the 
system design and development required to field baseline 
PRTS successfully. Although no new technology is required, 
a conservative implementation process has been assumed in 
developing new system modules. 

4. 2. 2. 2 MPRTS Life-Cycle Costs 

As with the PRTS cost estimate, the MPRTS cost estimate 
relies on the current level of specification as a basis for 
pricing. The costs for MPRTS have been estimated to be 
$19.1 million (Reference 4-9). This cost reflects the use 
of a system with nine stations to support satellites in 
three geostationary orbital slots and assumptions similar to 
those used to assess baseline PRTS. Development and 
deployment of the system is estimated to cost $15.3 million; 
the remaining $3.8 million is allocated to support a 
five-member staff and to operate and maintain the system 
over a 10-year period. As with baseline PRTS, the use of 
water vapor radiometers at the ground stations to enhance 
estimation of tropospheric delays would increase the total 
cost by approximately $1 million. 

4.2.3 RELIABILITY/MAINTAINABILITY/AVAILABILITY 

Reliability, maintainability, and availability of baseline 
PRTS or MPRTS is beyond the scope of this report but should 
be considered as part of future efforts. 
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4.2.4 TECHNOLOGICAL RISK 


None of the components necessary for implementation of the 
PRTS concept--basel ine PRTS or MPRTS — involves new 
technologies; the PRTS transmitter and receiver designs 
reflect complexity comparable to conventional PN systems. 
Risks in the actual hardware/software implementations and in 
the processing algorithms may be resolved through a 
development schedule that emphasizes systematic resolution 
of any design uncertainties. Proof-of-concept PRTS hardware 
has already been demonstrated under the Phase II SBIR effort. 

4.2.5 EXTERNAL DEPENDENCIES 

Outsi'de ATDRSS, no external dependencies are required by 
PRTS in its normal operation. As a contingency, however, 
dedicated telecommunications services provided by Nascom or 
commercial leased lines may be desired to support command of 
the PRTS Remote Stations and recovery of their observations, 
especially in baseline PRTS where one-way measurements are 
used for ATDRSS OD. Such a scenario presumes the PRTS 
beacon is still available but that either the navigation 
message provided as part of the PRTS beacon is insufficient 
to relay Remote Station commands or the ATDRSS channel that 
supports PRTS return signals has failed in some way. In the 
latter event, the ability to estimate the clock biases 
between the Master and Remote Stations and, in baseline 
PRTS, to estimate the ATDRS orbits accurately degrades 
considerably. In MPRTS, of course, if either the PRTS 
beacon or the return channel is lost, then no two-way 
measurements are possible; therefore, external 
telecommunications services in MPRTS are used solely to 
supplement Remote Station command and telemetry. The cost 
associated with external telecommunications support is 
dependent on the geography of the PRTS network, but the 
forward and return data rates could be as low as 100 bps. 

4.2.6 OBSERVATION STALENESS 

The PRTS beacon is available continuously, allowing 
observations by the PRTS ground stations at any time. 
Processing of the received PRTS signal occurs in real time, 
with either the baseline PRTS one-way pseudorange and 
pseudorange-rate measurements or the MPRTS two-way 
measurements available almost immediately. In baseline 
PRTS, data formatting of the return signal and its 
transmission to the AGT are the only latencies incurred. If 
the baseline PRTS return signal were supported by ATDRSS SMA 
return service, then contact times would require scheduling; 
if the PRTS return signals were supported by a dedicated 
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return channel, it is possible that no scheduling delays 
would be involved. In the latter case, the baseline PRTS 
return signals could be transmitted continually by the PRTS 
ground stations, with the AGT selecting a particular signal 
through the choice of PN code used for despreading. 

4.2.7 PRTS/ATDRSS OD PERFORMANCE 

The efficacy of both PRTS system options in supporting 
ATDRSS OD has been modeled in this study through use of the 
covariance analysis tool ORAN. Performance of the three 
network configurations — CONUS-based, intermediate-baseline, 
and long-baseline — has been assessed for ATDRS-E and 
ATDRS-W, investigating both definitive tracking performance 
over a finite tracking arc and TR performance after a 
satellite maneuver. Modeling of baseline PRTS and MPRTS is 
discussed, and representative results for the two systems 
are compared in this section. 


Baseline PRTS forward beacon and return signal pseudorange 
measurement errors have been modeled as shown in Table 4-4. 
The range-bias values chosen are intended to represent the 
use of calibrated dedicated forward and return signal paths, 
although other ORAN runs not discussed in this section have 
been performed using greater range biases on the return 
signal to model use of SMA return service. Ionospheric 
refraction errors are shown as zero, reflecting measurement 
of ionospheric delay using the PRTS beacon signal structure; 
residual ionospheric correction errors are assumed to be 
included in the range-measurement noise. Although baseline 
PRTS measures one-way pseudorange-rate of both the PRTS 
beacon and the PRTS return signal in addition to 
pseudorange, only the beacon pseudorange-rate measurement 
has been modeled with ORAN. The omission of return 
range-rate measurements, however, is not likely to have a 
significant impact on the OD results shown here. 

As indicated in Table 4—4, the forward beacon measurements 
possess greater accuracies than the return measurements as a 
result of one-way PRTS beacon signal processing. In 
baseline PRTS, however, the return measurements are not 
intended to assist in OD of the ATDRSS satellites; rather, 
the return measurements allow the clock biases between the 
PRTS Master Station and the Remote Stations to be 
determined. OD and clock-bias estimation are thus 
effectively decoupled and might be operationally separated. 
Accordingly, the biseline PRTS forward and return 
measurements have been partitioned in ORAN so that only the 
forward and return measurements, which are paired every 
12 hours, are used to estimate the clock biases; all forward 
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Table 4-4 


Baseline PRTS ORAN Error Modeling (3 -a Values) 


• PRTS RANGE-RATE MEASUREMENTS HAVE NOT BEEN MODELLED 

• MEASUREMENT SCHEDULE (OVER 30-HOUR TRACKING ARC): 

- FORWARD MEASUREMENTS EVERY 30 SECONDS FOR 5 MINUTES 
(11 OBSERVATIONS) EACH HOUR 

- RETURN MEASUREMENTS EVERY 30 SECONDS FOR 5 MINUTES 
(11 OBSERVATIONS ) EVERY 12TH HOUR 

• STATION POSITION UNCERTAINTY: 75 CM IN EACH DIMENSION 

• 1-WAY FORWARD PRTS BEACON MEASUREMENTS 

- RANGE MEASUREMENT NOISE: 1.5M 

- UPLINK (MS-ATDRS) BIAS: 6.0M 

- DOWNLINK (ATDRS-RS) BIAS: 3.0 M 

- RANGE-RATE NOISE: 0.131 CM/SEC 

- RANGE-RATE BIAS: 0 MM/S 

- REMOTE STATION CLOCK BIAS: 

— WITH ALL FORWARD MEASUREMENTS: .25M CONSIDER PARAMETER 
— WITH ALL FWD AND RET MEASUREMENT PAIRS: SOLVE-FOR PARAMETER 

- REMOTE STATION CLOCK DRIFT, DRIFT-RATE: 0.0 

- TROPOSPHERIC REFRACTION ERROR: .045 OF TOTAL TROPOSPHERIC DELAY 

- IONOSPHERIC REFRACTION ERROR: 0.0 

• 1-WAY RETURN PRTS SIGNAL 

- RANGE MEASUREMENT NOISE: 7.5M 

- UPLINK (RS-ATDRS) BIAS: 3.0M 

- DOWNLINK (ATDRS-MS) BIAS: 6.0M 

- TROPOSPHERIC REFRACTION ERROR: .045 OF TOTAL TROPOSPHERIC DELAY 

- IONOSPHERIC REFRACTION ERROR: 0.0 
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and return measurements used to solve for the ATDRSS 
satellite's orbit assume an unmodeled clock-bias 
uncertainty. Because estimation of the clock biases over a 
30-hour tracking arc reduces the uncertainty in the clock 
biases to less than 0.25 m, that value is applied to the 
forward measurements for use in ATDRSS OD as a given 
uncertainty in the clock biases. 

The rationale for partitioning clock bias and orbit 
estimation stems from the need to support ATDRSS TR. After 
a satellite maneuver, use of short tracking arcs in 
recovering the orbit does not allow both clock bias and 
orbit estimation without severely affecting their accuracy. 
Because the PRTS station clocks undergo limited drift over 
the recovery period, the most recent clock-bias estimates 
obtained from complete tracking arcs may continue to serve 
until sufficient data has been collected to estimate the 
clock biases again. 

To model baseline PRTS ATDRSS TR with ORAN, the PRTS beacon 
forward measurements are used during the recovery arc to 
solve for the ATDRSS orbit, with the uncertainty in the 
clock bias estimate assumed to be that corresponding to the 
uncertainty estimated during the immediately preceding 
30-hour tracking arc. This procedure has been used for arc 
lengths of 1 and 2 hours, applying a consider clock bias of 
0.25 m, typical of the accuracy obtained in clock-bias 
estimation over a 30-hour arc, at the PRTS Remote Stations; 
for longer tracking arc lengths, the Remote Station clock 
biases have been estimated. 

Similar modeling is used for MPRTS , except that there are no 
clock biases to be estimated. The MPRTS error budget is 
shown in Table 4-5, and the associated ORAN model employs 
two-way range and range-rate measurements, assuming 
dedicated forward and return channels with 3-m range-bias 
uncertainties in each direction at the three nodes of the 
signal path. The absence of ionospheric uncertainty 
reflects the use of the PRTS beacon signal structure at the 
MPRTS Remote Stations to measure the ionospheric delay. 

The distinction between baseline PRTS and MPRTS is clearly 
modeled in ORAN: whereas MPRTS uses two-way range and 

range-rate measurements from between the AGT and the 
system’s ground stations to estimate the ATDRS orbits, 
baseline PRTS uses one-way measurements at each of the 
Remote and Master Stations as well as one-way measurements 
back to the AGT to estimate both the ATDRS orbits and the 
ground station clock biases. Because the number of states 
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Table 4-5. MPRTS ORAN Error Modeling (3 -a Values) 


• 2-WAY RANGE AND RANGE-RATE MEASUREMENTS 

• MEASUREMENT SCHEDULE FOR EACH STATION (OVER 30-HOUR TRACKING 
ARC); 

- MEASUREMENTS EVERY 30 SECONDS FOR 5 MINUTES (11 OBSERVATION) 
EACH HOUR 

• STATION POSITION UNCERTAINTY: 75 CM IN EACH DIRECTION 

• 2-WAY RANGE MEASUREMENTS 

- RANGE MEASUREMENT NOISE: 2.2M 

- UPLINK (ATDRSS GT - ATDRS) BIAS: 6.0M 

- FORWARD (ATDRS - REMOTE STATION) BIAS: 3.0M 

- RETURN (REMOTE STATION - ATDRS) BIAS: 3.0M 

- DOWNLINK (ATDRS - ATDRSS GT) BIAS: 6.0M 

• 2-WAY RANGE-RATE MEASUREMENTS 

- RANGE-RATE MEASUREMENT NOISE: 0.075 CM/SEC 

- RANGE-RATE BIAS: 0 CM/SEC 

• SOLAR RADIATION: 2% 

• TROPOSPHERIC REFRACTION ERROR: .045 

• IONOSPHERIC REFRACTION ERROR: 0.0 


2055 


4-43 


MIS93Jtab 




that must be solved is reduced with MPRTS, OD performance of 
MPRTS is generally superior to that of baseline PRTS. 

Comprehensive ORAN results are not shown in this section, 
but, as expected, the larger tracking networks evidence 
improved OD accuracies compared to the CONUS-based 
networks. Using the maximum position error over the 
definitive tracking period as a figure of merit, all 
networks provide better than (less than) 75-m (3 -a) 
accuracy for tracking arcs of 30 hours. For shorter arcs, 
however, the differences in network geometries become 
significant . 

The most interesting case is the PRTS network constrained to 
CONUS. OD performance is then less than ideal, yet, for 
other reasons, such a CONUS-based network is likely to be 
the most attractive network option. A comparison of ATDRSS 
OD performance for baseline PRTS and MPRTS is presented in 
Table 4-6, illustrating the results obtained using identical 
CONUS station sites to track ATDRS-E . For a tracking arc of 
30 hours, both systems meet the goal of 75-m (3-c) 
accuracy; for a tracking arc of 2 hours, simulating TR, both 
systems fail to meet the 75-m goal. 

In both baseline PRTS and MPRTS, the range biases are the 
dominant error sources, motivating the use of dedicated 
forward and return channels. The effect of residual range 
biases in such calibrated dedicated channels might be 
further reduced if these biases were estimated as part of 
the OD processing. With dedicated channels, the range 
biases are likely to be constant or to vary slowly with time 
so that periodic estimation may reduce the range biases and 
permit still further improvements to ATDRS OD accuracy. 

This aspect of OD processing requires still further 
investigation. 
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Table 4-6. Performance Comparison of PRTS Options 

MAXIMUM 3 CT ATDRS-E POSITION ERROR 
ATDRSS TRACKING 0 VER THE DEFINITIVE TRACKING ARC (METERS) 

SYSTEM OPTIONS " I ” ” ~ 


(CONUS-BASED NETWORK) 2 HR ARC 
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SECTION 5 - INTERFEROMETRIC TRACKING SYSTEMS ASSESSMENT 


5.1 SYSTEM DEFINITIONS 

The information presented in Section 5 is based on much 
previous work in developing systems based on interferometry 
for the specific purpose of tracking geosynchronous 
satellites. The interferometric tracking systems are 
considered, most of which has been specified and evaluated 
in previous documents (References 5-1, 5-2, 5-3, 5-4, and 
5-5) . This work differs from those studies in three 
respects. First, the error model has been updated, mostly 
in a more conservative direction. Second, TR performance is 
evaluated as well as OD performance. Third, the use of 
range data from the ATDRS Ground Terminal is considered to 
evaluate its utility to aid in OD and TR. 

References 5-6 and 5-7 describe validation experiments in 
which the TDRS satellite was observed with existing CEI and 
VLB I arrays. In related work, substantial efforts are in 
progress at the Jet Propulsion Laboratory to develop systems 
based on VLBI for tracking of interplanetary probes. 

This section describes radio interferometric techniques, 
defines proposed systems using these techniques for tracking 
ATDRS, and discusses factors affecting system capability and 
performance. 

5.1.1 BASIC PRINCIPLES 

5. 1.1.1 Principles of Interferometry 

The radio interferometer determines the phase of a signal at 
some remote site relative to the phase of the same signal 
source at a reference site. These are determined by direct 
cross-correlation of the undecoded signals received at the 
two sites. The phase offset is a measure of the delay 
difference between the source and each of the two receiver 
antennas. This principle is illustrated in Figure 5-1. 

For a distant radio source such as ATDRS or celestial 
objects, each delay difference effectively measures the 
angular position of the object in the sky. With three 
antennas, a two-dimensional position fix can be obtained. A 
succession of such measurements, supplemented by the laws of 
orbital mechanics, can be used to determine a satellite 
orbit. Alternatively, the three-dimensional position 
measurement may be derived by the two angle measurements and 
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a supplemental range measurement. Use of ranging 
measurements may improve the accuracy of the orbital solution 
and may require less real time to determine satellite orbits 
than interferometry alone. 

The basic radio interferometer requires two antenna 
receivers and associated electronics to sample, digitize, 
and time-tag the signals. The receivers add noise with 
typically much larger rms power than the signal itself. 

Clocks at each receiver may be either slaved to a common 
master clock or independent. If the antenna sites are 
spaced sufficiently closely, the signals are brought 
together in real time using cables, waveguides, fiberoptics, 
or radio links. Because the antennas are physically 
connected, such an array is known as a connected element 
interferometry (CEI). If the sites are far apart, the 
signals are recorded, shipped, or transmitted to a central 
location for processing at a later time. Because of the 
large size of such an array, it is known as very long 
baseline interferometry (VLBI). 

5. 1.1.2 Phase Delay Versus Group Delay 

There are two fundamentally different measures of the delay 
between the arrival times of the radiation at the two 
antennas. A phase delay measurement uses a nearly 
monochromatic component of the radio signal to determine the 
difference in phase. Because only a single frequency, f, is 
used, there is an ambiguity in the delay measurement equal 
to n/f where n is any integer. This is referred to as phase 
ambiguity. In observing the ATDRS SGL at 14 GHz, this delay 
ambiguity is an integer multiple of 70 picoseconds (ps). 

For two antennas separated by 10 km, the satellite line of 
position measurement would be ambiguous by integer multiples 
of 0.08 km. 

One way to alleviate this ambiguity problem is to add more 
antennas at shorter separations. For shorter antenna 
spacings, the ambiguity distance is proportionately 
increased. 

The group delay technique is a method of avoiding this • 
ambiguity problem by observing the source radio signal at 
several different frequencies. Because there is a different 
constraint for each frequency band observed, the overall 
spacing between ambiguous solutions is increased. The 
ambiguity spacing is given by the reciprocal frequency 
spacing, or l/5f, where 5f is the smallest difference in 
frequencies. The satellite observing system postulated in 
this report would make phase measurements in eight different 
frequency channels, of which the closest differ in frequency 
by 10 MHz. The group delay ambiguity will be increased to 
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100 ns, compared to 70 picoseconds for the phase delay. 
Moreover, the group delay ambiguity can be resolved by 
examination of correlation amplitudes at different ambiguity 
values . 

5. 1.1.3 VI. B I Versus CEI 

CEI arrays distribute timing signals from a single master 
clock to each receiver antenna. Time-tagged observations 
are transported in real time to a processing center and are 
correlated. Time and signal transport may be via cable, 
waveguide, phase-stabilized radio link, or, as proposed 
here, fiberoptic link. CEI arrays are limited in size by 
the physical links required to interconnect the component 
stations . 

In VLB I arrays, signals are time-tagged using local clocks. 
Correlation of recorded signals can be performed offline, or 
signals can be transmitted to the correlator facility for 
processing in real time. VLBI arrays are unlimited in size. 

CEI arrays have the advantage over VLBI in that the more 
accurate phase delay observable may be used. In addition, 
because wide bandwidths are more easily transported, more 
frequent or more sensitive observations can be obtained. 
Further, because CEI array component antennas are 
necessarily constrained to be relatively close together, 
systematic errors introduced by the troposphere and 
ionosphere very nearly cancel out. VLBI systems need to 
address clock synchronization; for CEI, the clocks are 
synchronized by real-time link to one reference clock. The 
longer baselines possible in a VLBI system can sometimes 
overcome the larger absolute errors, relative to that of a 
CEI system. 

5. 1.1. 4 Signal Processing 

Signal processing for all systems consists of 
cross-correlating the data streams from the separate 
antennas and determining the delay offset. For any of the 
systems, the first step is to clip and sample the signals, 
using 1-bit coding. The bit streams are delayed for 
approximate synchronization in accordance with an a priori 
estimate of the delay, multiplied, and accumulated at short 
intervals . 

To find the phase delay, used by CEI arrays, an amplitude, 
phase, and time derivative is fitted to the accumulated data 
series. The group delay, used in VLBI arrays, is determined 
by fitting a phase, its time derivative, and its frequency 
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derivative (the group delay) globally to the data in all the 
frequency channels. Group delay solution is complicated by 
the need to detect the phase calibration signal, find its 
phase and rate, and apply it as a calibration P^°r to fc he 
global fit. In either case, the initial correlation 
performed by special-purpose processors ^"tegrated Fourier 
circuits). The fringe fitting is then performed by Fourier 
transform techniques, finding the peak in a power spectrum. 

5.1.2 TRACKING SYSTEM ARCHITECTURES AND OPERATIONS CONCEPT 


Several system architectures are described that use 
interferometric observables to track ATDRS . These 
interferometric tracking systems are listed below: 


CEI-Q - Quasar Calibrated Connected Element 
Interferometry 

VLBI-Q - Quasar Calibrated Very Long Baseline 
Interferometry 

VLBI-2S - Two Satellite Very Long Baseline 
Interferometry 

VLBI-3S - Three Satellite Very Long Baseline 
Interferometry 

VLBI-Ku - Ku-band Beacon Very Long Baseline 
Interferometry 

VLBI-GT - GPS Time Transfer Calibrated Very Long 
Baseline Interferometry 

VLBI-GC - Coded GPS Calibrated Very Long Baseline 
Interferometry 

VLBI-GH - Hybrid GPS Calibrated Very Long Baseline 
Interferometry 


Each architecture is specified as a conceptual system For 
which OD performance levels are determined (Section 5.2.1). 

The operation of each system is also described. When 
required by the level of tracking accuracy, each system 
would be supplemented by a ranging system to the AGT. That 
ranging system is not described here, but requirements for 
it will be derived from results of orbit simulations 
described in Section 5.2.1. Table 5—1 summarizes salient 
features of the different systems. 
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Table 5-1. Interferometric System Architecture at 
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5. 1.2.1 Signal Characteristics 


The ATDRSS satellites are assumed to be located in the 
current orbital slots for ATDRS-E and ATDRS-W . The ATDRS 
signal source to be observed for all of the systems except 
for VLBI-Ku is the Ku-band SGL , which in this report is 
assumed to have the same characteristics as the current 
TDRS . This downlink signal is beamed toward WHS and is 
continuously available for tracking purposes. The beam has 
an intensity of about -201 dBW/Hz/m^ over a bandwidth of 
about 225 MHz centered about 13.9825 GHz. The main lobe 
subtends a cone about 500 km in diameter, the radiation 
footprint of which is highly elongated for the assumed low 
elevations of the satellites. The proposed arrays would lie 
entirely within this main lobe when possible. 

It should be emphasized that although it is necessary to 
detect and record radiation from the source of interest, it 
is not necessary to decode the signal. On the contrary, it 
is assumed that the signal resembles noise in a statistical 
sense. All that is required is that the signal be present 
in the frequency band of interest, available for passive use. 

The quasar sources are highly compact, are noise-like, and 
have positions determined with extremely high accuracy 
(5-10 nanoradians). The quasar antennas are designed to 
observe objects down to a limiting flux density of 
-260 dBW/Hz/m**2 . It is estimated that there will be about 
45 such sources in the band of sky that passes within 
10 degrees of the ATDRS positions. 


The GPS satellites are assumed to be the full constellation 
of 24 satellites. At any time, at least four satellites are 
visible. The median angular distance between the ATDRS and 
the closest GPS is about 25 degrees. The GPS satellites 
transmit pseudorandom noise-like signals at two L-band 
frequencies. Signal strength and spectra are assumed to be 
as described in Reference 5-9. 


In the hybrid system, the signals may be treated as 
noise-like (no cross-spectral correlations) for measurement 
of group delay, and the signal when squared yields an 
undithered carrier frequency tone. 


5. 1.2.2 VLBI-O 

System I uses VLBI observations of ATDRS and simultaneous 
observations of natural radio sources (quasars). The quasar 
observations calibrate for the effects of independent clocks 
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at different sites. Stations would normally be operated and 
monitored remotely. 

Specifications for System I are described in prior reports 
(Reference 5-8) and in Appendix B. The array would consist 
of four sites, as shown in Figure 5-2. All sites are 
located in the SGL main footprint. 

The station architecture is illustrated in Figure 5-3. Each 
site will have a 2-m antenna observing ATDRS and a 12-m 
antenna with a cryogenically cooled receiver observing 
quasars. A hydrogen maser time standard at each site allows 
coherent integration over the course of a 5-minute scan 
required for the quasar observations. Each antenna signal 
is sampled at eight narrow (2 MHz) frequency bands. The 
signals are converted to baseband, sampled, digitized, and 
multiplexed onto a data relay link to the central 
correlation facility. Additional modules calibrate cable 
delays and provide partial tropospheric calibration. 

The data flow overview for a VLBI-Q system is summarized in 
Figure 5-4. The central processing facility instructs the 
sites regarding the calibration sources to observe, where 
ATDRS is expected to be, and when to observe. At each site, 
signals are detected simultaneously from the quasar and 
ATDRS. The signals recorded include the signal from the 
satellite or quasar, the calibration signals, and a large 
contribution from receiver noise. These signals are, 
without decoding, sampled, clipped, and transmitted to the 
central processing site for correlation and further 
processing . 

At the central processing site, the signals from all 
antennas are delayed to bring all into approximate synchrony 
and are then correlated in real time. The correlation 
consists of 1-bit multiplications, results of which are 
dumped onto disk at short intervals for further processing, 
that is, determination of fringe phase, its time derivative, 
the single band delay (delay for maximum power), detection 
of the calibration signals, and fitting of the multiband or 
group delay. The group delay is an accurate measurement of 
the difference in time delays of the signals arriving at the 
two stations. 

The remaining processing consists of several calibrations: 

(1) calculation of tropospheric delays from local 
meteorological data; (2) correction for (measured) changes 
in cable lengths; (3) correction for several known 
geometrical effects, such as Earth tides, and relativistic 
effects; (4) correction for Earth orientation offsets; 


2055 


5-8 



STTE LOCATIONS 


105.0* 

106.0* 

9A3* 

116.0* 

106.4* 


vr 


VANHORN, TX 
THUCHAS.NM 
COLMESNEL.TX 
fctPERIAL VAULEY. CA 
WHITE SANDS, NM 
(TTAC RANGE ONLY) 


A. 


Figure 5-2. VLBI-Q Array Geometry 
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(5) subtraction of the satellite observation and the quasar 
observation; and (6) reincorporation of the known delay to 
the quasar. This provides the calibrated delay difference. 

In order to perform the correlation, it is necessary to 
delay the incoming bit streams to within approximately the 
reciprocal single channel bandwidth, or about 0.5 psec. 

This can be calculated using a priori knowledge of the' 
satellite position, accurate to about 10 km. Without such 
knowledge, it is necessary to search through several delay 
values. This procedure, called a fringe search, requires 
storage of satellite observation data for multiple 
processings. This problem does not arise for observations 
of quasars, whose positions are well known. 


Correlator systems to do the type of processing required, at 

it o Ut M the , Sp ? ed rec *uired, are currently operating at the 
U.S. Naval Observatory (USNO) and at other locations. 
Correlation of VLBI data relayed by satellite in real time 
was demonstrated in 1976 (Reference 5-10). Detection and 
correlation of satellite sources through such a system has 
also been demonstrated (Reference 5-6). in sum, the 
elements of the proposed processing system exist today. 

5. 1.2. 3 CEI-O 


fZttT opt i?? J 1 ? aS a CEI array for each of the eastern and 
western orbital slots. These arrays consist of three or 

more antennas observing ATDRS, each paired with a 12-m 

function°nf e £hi n ? natUra i radio . sources. The most important 
function of the quasar observations is reduction of errors 

due to tropospheric fluctuations, a dominant error source 
for this system. Figure 5-5 shows the location of the 
proposed arrays. Location outside the SGL main footprint is 

thl satellit^^?^ 63 ^ array because ' within the main beam, 
J"® satelUte elevations are very low and the tropospheric 

fluctuations preclude adequate measurement precision. An 

ATDRS 3 s i o n a f ll dB , i L made £or attenuation of tie 

ATDRS signal toward the eastern array. 

Hydrogen maser clocks are not required because clocks at all 
antennas are slaved in near real time to one arra? master 
scillator. Figure 5-6 shows the geometry of each array a 
triangie 10 km on a side. Additional stations a“ s ho S 
spacings are included for phase ambiguity resolution but are 
not included in OD simulations because they are less 
accurate than the longer baselines. 


Equipping a CEI system to perfo 
would eliminate the problem of 


rm group delay observations 
phase delay ambiguity 
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Figure 5-5. CEI-Q Array Locations 






resolution. New requirements for such a system would be 
(1) increasing receiver bandwidth to 1 GHz, (2) increasing 
data flow through fiber optic link to 1 gigabit (Gbit)/s, 
and (3) equipping the correlator to find group delay as well 
as phase delay. These all are feasible. An ancillary 
benefit is elimination of the need for inner stations on 
each arm of the array. 

Operation of the proposed CEI array is summarized in 
Figure 5-7. Overall scheduling, and an approximate ATDRS 
ephemeris, are downloaded from a central processing site. 
Simultaneous observations are made of the satellite source 
and of the quasar calibration source. An optical fiber link 
carries instructions and timing signals out to each antenna, 
and carries data (receiver output) and return timing data 
back to the correlator, 1-10 km away. The signal bandwidths 
are about 50 MHz per channel, for Ku-band and possibly 
S-band, for quasar antenna and satellite antenna, for each 
site in the array. (In the group delay option, the 
bandwidths are 1 GHz per channel.) The data streams are 
sampled, clipped, and correlated (multiplied) at the central 
control building and the fringe phase fitted immediately by 
a synchronously running minicomputer. Correction for small 
but complicated effects, such as relativistic aberration, 
and corrections based on local weather data are made later. 
The measurement of differenced phase delay for both quasar 
and satellite is ready for shipment virtually as soon as the 
data have been taken. 

At the analysis facility, the known corrections are applied 
to the data, the measured delays to the satellite and to the 
quasar are subtracted, and the theoretical delay to the 
qu-asar is added back in. The result is the calibrated delay 
difference to the satellite. 

For TR, when the satellite position has a large a priori 
error, making the observation is still straightforward. The 
satellite position accuracy required for observation of the 
satellite is about 200 km (for 50-MHz bandwidth, 1-km 
baseline). There is, however, a possible difficulty in 
resolving phase ambiguities. The ambiguities can be 
resolved, given enough measurements, by trying values until 
finding that which fits best. Alternatively, the array can 
be built adding antennas at very short spacings (50 and 
200 m) , with the very short spacings used to resolve those 
ambiguities. Such short spacings may not necessarily 
require quasar calibration. The group delay alternative 
probably resolves the phase ambiguity problems without added 
antennas . 
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5 . 1 . 2 . 4 VLBI-2S. VLBI-3S . VLBT-TCn 


Another system option is a VLBI system in which two 
satellites are observed by the same array: ATDRS at either 

location. and an ATDRS-like satellite in an overhead slot. 

ATDRS-like" means that signal characteristics (power, 
frequency, bandwidth) are assumed to be the same as that for 
ATDRS. The system is considered identical to the VLBI-Q 
except that everything related solely to quasar observations 
is eliminated. This eliminates the 12-m antenna with cooled 
^QQ e ^ Ver/ some hardware, most data transmission volume 
(99.6 percent), and a large portion of the correlator load. 
The array geometry would be identical to the VLBI with 
quasar calibration. 


Figure 5-8 shows the station architecture of the system. it 
differs from the quasar-calibrated system by omission of the 
large antenna, half the hardware, and most of the data 
transmission capacity. Figure 5-9 diagrams the central 
processing facility. It differs from the quasar system 
correlation by omission of half the correlation hardware and 
a large reduction m communications capacity. 

Unlike the quasar-calibrated case, for which the calibrator 

kSnin 6 ? 0Slt i 0n an ?' thus ' the geometric delay are accurately 
known, long-term clock variations must be modeled. 7 

Therefore, observations are used to determine the orbital 
clocl^variations?” satellites and t0 £it Parameters modeling 


° f a VL ? I -? S tracking system is, at this level of 
description, nearly identical to that of the VLBI-Q system 

as follows? 16r ‘ ^ WaYS ln WhiCh the systems differ are 


Observations of the two satellites are not 
simultaneous . 


The data volume is much smaller. 




The range differences still 
which must be determined. 


contain clock errors. 


The VLBI-3S system uses the same hardware trackinq 
configuration as that of VLBI-2S . It differs from the 

and m ^Dl^ e "° nly 1 in , t 5 at ^ hS ° rbits of ATDRS-E, ATDRS-W, 
ana ATDRS-C are solved for m one solution rather than 

separate solutions for the ATDRS-E and ATDRS-W satellites. 
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The Ku-band beacon based VLBI system (VLBI-Ku) operates on 
the same principle as the VLBI-2S system except that 
observables are derived from observation of a hypothetical 
Ku-band beacon located on the ATDRS . Use of such a beacon 
allows use of longer baselines and hence better measurements 
of the ATDRS . Unless otherwise noted, strengths and 
limitations ascribed to the VLBI-2S system in the following 
may also be ascribed to the VLBI-Ku system. 

5. 1.2. 5 GPS-Calibrated VLBI 

The fourth system option consists of a VLBI array calibrated 
by observations of GPS satellites. The system is similar to 
VLBI-2S in that the calibration objects are strong satellite 
sources. However, separate antennas are required to observe 
the GPS due to the wide difference in frequencies between 
the GPS (L-band) and the ATDRS SGL (Ku-band). 

Three versions of the GPS-calibrated VLBI are considered for 
orbit determination. In the first system, GPS is a means of 
time transfer, VLBI-GT. The only reason for observing the 
GPS is for the transfer of time; the only figure of merit is 
its accuracy. In the second system, VLBI-GC, the GPS is 
observed by decoding precise positioning code. In the 
third, VLBI-GH, the GPS is observed by a combination of 
group delay and phase tracking observations. 

5. 1.2. 5.1 GPS for Time Transfer 

The first and simplest way to use the GPS is as a device for 
time transfer. In this system the interferometric 
observations of range difference to ATRS are referenced to 
separate clocks, which are synchronized by conventional GPS 
time transfer techniques. The system architecture is the 
same as for VLBI— 2S, with the addition of a GPS timing 
receiver at each site. Tracking of more than one ATDRS is 
not required. Clock modelling is not required. 

Exploratory ORAN simulations for this system (see 5.2. 1.4) 
show this system to perform far below requirements. More 
detailed specification and analysis have not been 
performed. We note however in passing that if a suitable 
beacon allowed VLBI over considerably longer baselines then 
GPS time transfer should be reevaluated. 

5. 1.2. 5. 2 GPS Tracked by VLBI Observations 

The second option is use GPS for both time transfer and 
troposphere calibration, doing so by VLBI observations of 
the GPS satellites themselves. This may be thought of as a 
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variant of the VLBI-2S system where the 24 GPS satellites 
replace the second reference ATDRS . 

Figure 5-10 shows the station architecture for the system. 

It replaces the 12-m quasar antenna used in VLBI-Q with a 
2-m L-band GPS antenna and an ominidirectional GPS 
phase-tracking antenna. The data transmission requirements 
are approximately 100 times smaller than those for VLBI-Q. 
Array geometry is still the conceptual network considered 

before . 

As with VLBI-2S , knowledge of GPS satellite positions is not 
available, a priori. Therefore, GPS observations are used 
both to model clock variations and to determine GPS orbital 
elements. In contrast to VLBI-2S , position variations of 
the GPS allow more effective simultaneous determination of 
tropospheric zenith delay. In fact, it is possible to solve 
for several other systematic errors from these data 
(Reference 5-11) . 

The system operates as follows: Group delay observations of 

the ATDRS satellite provide precise measurements of delay 
difference, contaminated clock differences, mismodeling of 
tropospheric delay, and other smaller effects. During each 
pass of each GPS satellite, one group delay measurement is 
made to determine its delay difference, referenced to the 
same clock. This group delay measurement is immune to any 
kind of signal dithering. A separate ominidirectional 
antenna tracks the phase of the carrier signal from each 
satellite, propagating the delay difference measurement over 
the entire orbital pass. 

These observations do not require decoding of the GPS 
signal. Resulting observations are then used to solve for 
GPS orbits, clock variations, and other factors (e.g., 
troposphere delay). Numerous group delay observations, a 
more robust and accurate method, are not used because they 
require greatly increased data volume. 

5. 1.2. 5. 3 GPS Tracked by Coded GPS Observations 

The third option, like the second, uses GPS observations for 
both time transfer and tropospheric calibration. A coded 
GPS receiver observes the GPS satellites in place of the 
interferometric measurements. A system block diagram would 
look identical to that of the hybrid system (Figure 5-10) 
with the replacement of the 2m directional GPS antenna with 
an ominidirectional coded GPS receiver. The assumption that 
range difference is the observable used for tracking allows 
us to model this system identically to the hybrid system, 
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solely with the replacement of the applicable observation 
error levels. 

5. 1.2. 6 Additional Comments 

The specifications here are for conceptual networks, without 
detailed optimization for performance. In addition, some 
system redundancy is likely on grounds of reliability, 
maintainability and availability considerations. It is not, 
however, expected that optimization or redundancy would 
produce any striking differences from the simulation results 
that follow. 

5.1.3 INTERFEROMETRY MEASUREMENT SENSITIVITY, ACCURACY, 

AND PRECISION 

The precision of the interferometric phase measurement is 
directly proportional to the measurement SNR. The angular 
sensitivity of an interferometer can be expressed as the 
position error, 60, of a distant radio source resulting 
from a given phase measurement error, 6a: 


' 2irf b sin 0 

where c is the speed of light, f is the frequency (phase 
delay) or bandwidth (group delay), b is the baseline length, 
and 0 is the angle between the baseline vector and the 
position vector from the interferometer to the source. This 
shows that the precision with which the source position 0 
is measured increases with SNR (precision of 6a), 
frequency (or bandwidth), and baseline length, and it is 
most sensitive for sources at large elevation angles, where 
the source vector is perpendicular to the baseline vector. 

5. 1.3.1 Systematic Errors 

Systematic errors occur whenever there are additional 
nongeometric contributions to the delay difference 
measurement. Such errors may occur due to propagation 
delays through refractive media (ionosphere, troposphere), 
propagation delays through electronics, errors in 
time-tagging, and errors in modeling the a priori delay 
(e.g., station position errors). The major expected 
contributors to systematic errors and a description of the 
estimation of their magnitude are provided in Appendix A. 

The troposphere delays an incoming signal by about 7 ns (at 
zenith), and the ionosphere by about 0.2 ns. The former can 
be estimated with fair accuracy; the latter is highly 
variable and cannot. Mismodeling of the troposphere and 
ionosphere is a main contributor to systematic delay error. 
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In the case of CEI, most of these errors cancel out when the 
delay is computed because the paths to the satellite through 
the atmosphere are nearly the same. Antenna station 
position uncertainties also contribute to the overall 
systematic error. 

Clock synchronization to the subnanosecond level is required 
for tracking accuracies that are less than 50 m. Therefore, 
calibration of the independent clocks in a VLBI system is a 
necessity. 

5. 1.3. 2 Noise Effects 

Noise limits the precision of both group and phase delay 
measurements. In either case, precision is proportional to 
the coherent SNR (CSNR) . The measurement precision of the 
phase delay observable is inversely proportional to 
observing frequency, whereas the measurement precision of 
the group delay observable is inversely proportional to the 
effective (rms) observing bandwidth. Because bandwidth 
coverage is limited, VLBI measurements are less precise than 
CEI measurements for the same SNR. 

The SNR depends on the source signal strength, antenna size, 
receiver noise, and the number of bits of source signal 
collected. Other sources of measurement noise include 
atmospheric (tropospheric) fluctuations, ionospheric 
fluctuations, phase calibration, time standard, and solar 
wind scintillations. For the systems considered here, these 
other noise-like effects are comparable to or larger than 
noise due to SNR limitations. More complete descriptions of 
these noise contributions are given in Reference 5-8. 

5. 1.3. 3 Measurement Error Due to System Noise 

Measurement precision for a digitally sampled correlation 
interferometer can be expressed in terms of three 
quantities: the instantaneous SNR, the number of 

independent samples of data collected, and the observing 
frequency (phase delay) or rms bandwidth (group delay). 
Instantaneous SNR depends on the source strength, the 
collecting area of the antenna, the aperture efficiency 
(here assumed to be 50 percent), and the receiver noise 
temperature. The number of data samples is the sampling 
rate (Nyquist) times the length of an observation. 

Digitization (clipping and sampling) degrades precision by a 
factor of ir/2. 1 
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5. 1.3. 4 Summary - Assumptions U s ed in Calculating 
Interferometric Measurement Noise 

This section presents a summary of all factors used to 
determine noise-like errors for interferometric 
measurements. These inputs determine the resultant 
measurement noise values listed in the appendix. 

5. 1.3. 4.1 Receiver Noise 

Equivalent system noise (Sequiv) depends on antenna gain and 
receiver noise temperature. All satellite group delay 
antennas are assumed to have 

d = 2m; efficiency = 0.5; T = 200 degrees kelvin (k) 

=> Sequiv « 2kT/A • 3.5e-21 W/Hz/m**2 


For quasar antennas 

d = 12m; T = 100k => Sequiv = 4.9e-23 W/Hz/m* x 2 


The signal strength from the satellite is assumed to be 

S(ATDRS) = 9e-21 W/Hz/m**2 
S(quasar) = le-26 W/Hz/m**2 
I (GPS) = -163 dBW-IC (LI) 

I (GPS) = -166 dBW-IC (L2) 


The signal attenuation for off boresite locations is 

G(ATDRS) = -10 dB in main lobe (C1 / C2,CE,CW, Austin) 

G (ATDRS) = -35 dB far off axis (Westford, Richmond) 

G(quasar) = 0 dB 

G(GPS) = 0 dB 


These parameters determine the instantaneous ratio of signal 
power density to noise power density. To determine the 
system noise contribution to group delay error, it is 
necessary to know the rms bandwidth and the number of bits 
collected : 


ATDRS ; 
ATDRS* : 
GPS: 
Quasar : 


Bmax=225 MHz 
Bmax= 20 MHz 
Bmax= 20 MHz 
Bmax=500 MHz 


Brms=90 MHz 
Brms=5.8 MHz 
Brms=2.9 MHz 
Brms=200 MHz 


Nbits=32e6 
Nbits= le6 
Nbits=40e6 
Nbits= le9 


The ATDRS* entry refers to a stripped-down demonstration 
system to be used in a proof-of-concept experiment. The GPS 
entry refers to each of the two bands. 
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5. 1.3. 4. 2 Phase Calibration System Noise 


Errors in the phase calibration system (phasecal) also cause 
noise-like errors in the data. The phasecal signal power is 
assumed to be 1 percent of receiver noise, in rails spaced 
5 MHz apart. A floor of 0.5 degrees of phase error per 
rail, irrespective of SNR, is also assumed. Phasecal error 
dominates when instantaneous signal power is greater than 
phasecal power or when the SNR of the coherently averaged 
observation is greater than 300. 

5. 1.3. 4. 3 Troposphere Noise 

Tropospheric fluctuations cause noise-like fluctuations in 
the signal path. The model used (described in 
Reference 5-2) predicts rms noise of differenced 
observations for various atmospheric states. For all 
systems, observers assumed median atmospheric conditions, 
calculated the corresponding atmospheric noise, and 
multiplied by three. The atmosphere on the worst possible 
days was not considered; those noise values would be 
approximately three times worse. 

For VLBI-2S and similar systems, the noise values for the 
low elevation satellite were computed for a difference 
observation between it and the satellite at WHS longitude. 

The noise for the WHS satellite was computed for a 
differenced observation between the WHS satellite and one 
directly at zenith. Such an assumption may be somewhat 
optimistic. For the GPS satellites, noise on ATDRS 
observations is taken between ATDRS and a GPS satellite at 
zenith. Noise on GPS satellites is taken between one at 
20 degrees elevation (the cutoff) and one at zenith. For 
quasar calibration, the calibrator is assumed located 
10 degrees off in azimuth, at the same elevation. 

Tropospheric noise applies equally to each observation at a 
site. Observing between one site and several others does 
serve to reduce true system noise errors but not the 
propagation errors. Therefore, for a system in which 
troposphere is the dominant error source (such as VLBI-2S) 
the system is properly simulated by including baselines from 
all sites to one central site and omitting observations on 
baselines between remote sites. Inclusion of those 
observations would incorrectly imply that atmospheric noise 
is reduced by correlating against other sites. 

5. 1.3. 4. 4 Ionosphere Noise 

Ionosphere error is estimated to be four times smaller than 
troposphere error and is neglected. 
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Table 5-2 shows the detailed calculation of delay 
measurement precision for interferometric observations of 
ATDRS and quasars. Table 5-3 shows the analogous 
calculation for group delay observations of GPS satellites. 

5.1.4 CALIBRATION OF THE INTERFEROMETRIC OBSERVABLES 

Whatever the choice of interferometric tracking system, the 
calibration method is critical. Calibration is required to 
render the interferometric data meaningful in the face of 
systematic errors, phase ambiguity (for phase delay), and 
clock synchronization (for VLBI). 

5. 1.4.1 Calibration bv Signal Subtraction 

One approach to calibration is observation of natural 
celestial radio sources (quasars) . In such a system, each 
antenna observing ATDRS is supplemented by an adjacent 
antenna observing quasars. The delay to ATDRS and the delay 
to the quasar will have many errors in common such as 
station location, atmosphere, ionosphere, and, for VLBI 
systems, the clock. 

Subtracting the ATDRS delay from the quasar delay provides a 
highly accurate delay difference, giving an accurate angular 
offset from the quasar, the precise position of which is 
known. This process is described in Figure 5-11. 

For VLBI systems, the most important benefit of quasar 
calibration is the elimination of clock offsets as an error 
source. An ancillary benefit is reduction of systematic 
error from mismodeling tropospheric delay. For a CEI 
system, the major benefit is the reduction of the error due 
to tropospheric noise, which otherwise dominates. With 
differencing, atmospheric effects are diminished to the 
extent the rays traverse the same fluctuations. 

5. 1.4.2 Dual-Satellite Calibration 

Quasar calibration adds considerable cost and complexity to 
the ATDRS tracking system. This derives ultimately from the 
weakness of the quasar signals (about 60 dB lower than the 
ATDRS signals) which require large antennas and large data 
quantities . 

An alternative is the use of a second satellite as the 
reference object. Unlike the quasars, the other satellite 
would not have an accurately known a priori position, so 
direct subtraction to remove clock errors does not work. 
Rather, using successive observations of both satellites. 
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Table 5-2. Gain Budget and Measurement Precision 



VLBI--Grouo Delav 

CEI--Phase Delav 

Parameter 

Ouasar 

ATDRS 

Ouasar 

ATDRS 

Source intensity 

-260 

-200.5 

-260 

-200 . 5 

(dBW/HZ/m**2) 

Off-axis attenuation 

0 

-10 

0 

-30 

(dB) 

System temperature (k) 

100 

200 

100 

200 

Antenna diameter (m) 

12 

2 

12 

2 

Equivalent noise 

-223 . 1 

-204 . 5 

-223 . 1 

-204 . 5 

( 2kT/A) 

Instantaneous SNR (dB) 

-36 . 9 

-5.9 

-36.9 

-25.9 

Center frequency (GHz) 

13 . 93 

13.93 

13.93 

13 . 93 

Transmitter bandwidth 

unlimited 

260 

unlimited 

260 

(MHz) 

Receiver bandwidth 

500 

225 

50 

50 

(MHz) 

RMS BW (MHz) 

200 

90 

14 

14 

Sampled bandwidth (MHz) 

16 

16 

50 

50 

Scan length (s) 

300 

1 

120 

1 

# Gbits/scan 

9.6 

0.032 

12.0 

0 . 10 

Scan SNR (CSNR) 

12.8 

950 

14.2 

16.4 

Measurement precision 

l/(2pi CSNR Brms) or 
l/(2pi CSNR freq) 

62 ps 

2 ps 

0.8 ps 

0.7 ps 

Satellite position 
error (m) 

c*error * Dsat/B 

B = 500km, VLB 
B = 10 km, CEI 

1 . 6 

0.05 

1.0 

0 . 9 


* except VLBI-Ku 
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Table 5-3. Gain Budget and Measurement Precision 
Group Delay 


Parameter 

Signal power (dBW) 

Antenna gain (2m, e=.5) (dBi) 
Bandwidth (dB-Hz) 

Noise power density (2KT; T=200K) 

Noise power PN = 2KT/B (dBW) 

Received signal power (dBW) 

Pr/(P N + P R ) (dB) 

Observation length - Is 
Nbits - 4E7 

Noise reduction Nbits x 2/ir 
Uneven bandpass loss (dB) 

Net SNR (coherent) (dB) 

RMS bandwidth (Hz) 

1/2-rr Brms 
Observation error 
Ionosphere corrected error 


LI Channel 
-163 
27.4 
73 

-202.5 

-129.5 

-135.6 

-7.1 

36 

-3 

25.9 

67.6 

27.6 ns 
71 ps 
359 ps 


for GPS 

L2 Channel 
-166 
25.2 
73 

-202.5 
-129 . 5 
-140.8 
- 11.6 

36 

-3 

21.4 

67.6 

27.6 ns 
200 ps 
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QUASAR 



T Q “ 3 *°Q* ( T ci -T C2 ) + ( T A 1 Q- T A2Q) 

T S -^°S + ( T C1- X C2) + ( T A1S" T A2S) 

SUBTRACT AND REARRANGE: 

■5 aD s“V(£ aD Q' t Q> 

* ( T A 1 Q _T A 1 s) - ( T A2Q” T A2s) 

THUS, 

(1) CLOCK OFFSET ERRORS ARE ELIMINATED. 

(2) IS KNOWN FROM QUASAR POSfTON. AND T 6 MEASURED BY QUASAR 

OBSERVATION. Q 

(3) F ATDRS AND CXIASAR LIE CLOSE IN THE SKY, THEN PROPAGATION DELAY ERRORS 
f t A1Q‘ X A1S). ( X A2Q“ T A2S) ARE SMALL ANO LARGELY OFFSETTING. 

RESULT: ACCURATE SATELLITE RANGE DIFFERENCE ADg 


BENEFITS OF CALIBRATION BY SUBTRACTION 



CLOCK 

OFFSETS 

CANCEL 

SYSTBAATC 
PROPAGATION 
DELAY ERRORS 
REDUCED 

RAMXDM 
PROPAGATION 
DELAY ERRORS 
REDUCED 

VLBI-Q 

✓ 

✓ 

(✓) 

VLBI-2S 

✓ 

— 

— 

CEI-Q 

— 

✓ 

✓ 

VLB M3 H 

✓ 

/ 

— 


Figure 5-11. Calibration by Subtraction 
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the force model for both, and the equations of orbital 
mechanics, one solves for six orbital elements for each 
satellite as well as parameters to model the clock offsets 
between antenna sites. 

5. 1.4. 3 Calibration by GPS 

The U.S. Navy GPS will comprise a network of at least 
18 satellites orbiting the Earth, carrying atomic clocks, 
and transmitting precise ephemerides and timing 
information. Calibration of an interferometric network with 
GPS may take many forms: observation of the coded 

navigation messages, tracking of the carrier phase, and 
treatment of the signal as noise-like to observe the group 
delay. One may use the broadcast ephemerides or solve for 
them. One may use the observations solely to accomplish 
clock syntonizat ion , or may control other systematic error 
sources as well. 

The GPS-calibrated system considered here combines many of 
the possibilities just mentioned. Group delay observations 
of the GPS, supplemented by carrier phase tracking, provide 
adequate data to solve for the GPS orbits. Collaterally, 
clock offset parameters can be calculated. The wide range 
of positions also makes it possible to solve accurately for 
tropospheric zenith delay. Two other possible systems are 
examined in less detail. 

Calibration by GPS is more cumbersome than the two-TDRS 
technique because GPS, transmitting at a much lower 
frequency, requires separate antennas and receivers. 
Furthermore, 25 orbits must be solved for. However, the 
larger number of satellites and their motion make GPS well 
suited for solving for clock errors and other systematic 
biases. The advantage compared with quasars is signal 
strength: the GPS antenna, even for group delay 

measurements, would be 2 m or less in diameter, and would 
have uncooled receivers. 

5.1.5 DESIGN TRADEOFFS 

This section discusses some of the considerations in system 
design. 

5. 1.5.1 Station Locations; SGL Versus Higher Elevation 

The interferometric observations will passively observe the 
Ku-band space-ground link, without requiring a special 
transmitter or signal. This signal is centered on the AGT 
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in White Sands, New Mexico. The footprint of the signal is 
a cone roughly 500 km in diameter but elongated due to the 
high zenith angle of the satellite in the assumed 
architecture . 

Station locations within the main footprint are advantageous 
due to the relatively high signal intensity. Proximity to 
White Sands is also advantageous for communications and 
maintenance purposes. Location outside the main beam 
entails, besides the much weaker signal strength (typically 
25-30 dB), the possibility of siting in a beam null and the 
possibility of nongeometric group delays caused by phase 
gradients across the frequency band due to small 
differential beam characteristics. (See Reference 5-12.) 

Location outside the main beam has several advantages. 
Foremost is observation of ATDRS closer to the zenith. The 
smaller air path decreases errors caused by systematic 
misestimates of the effective air thickness and noise-like 
errors due to tropospheric fluctuations. In addition, 
larger station separations are possible for VLBI stations, 
and CEI arrays will have larger effective baselines because 
of less baseline foreshortening. The longer effective 
baseline dilutes effects of measurement error, both random 
and systematic, on inferred satellite position. 

5. 1.5.2 Choice of Calibration Objects 

Absolute instrumental calibration of interferometers is 
difficult. Therefore, calibration sources are observed and, 
by subtraction, part or all of many errors are controlled. 
Three choices considered here are natural radio sources, GPS 
satellites, and a second ATDRS-like object in another 
orbit. The relative advantages of each are listed in the 
table contained in Figure 5-11. 

5. 1.5. 3 Baseline Length 

Satellite position uncertainty depends on the measurement 
errors, the separation between the stations, and the data 
arc length. Baseline length for the VLBI conceptual array 
is maximized subject to the boundaries of the main Ku-band 
footprint. The baseline lengths are about 500 to 1000 km. 
Station locations are specified in Figure 5-2. Baseline 
length for the CEI array is limited by the need for phase 
coherency, which requires that rms delay fluctuations be 
less than 5 mm over the course of a scan. Atmospheric 
fluctuations make this more difficult for longer baselines. 
The CEI arrays considered have maximum baseline lengths of 
10 km. 


5-32 


2055 



5. 1.5. 4 Antenna Size. Data Transfer, Re ceiver Typ e 


For either a phase delay measurement or a group delay 
measurement, a CSNR of about 10 is required for the 
measurement to be deemed reliable. A larger SNR may be 
neec j e( 3 for measurement precision adequate to the OD 
requirements. The 2— m ATDRS antenna meets these criteria 
easily. (See References 5-1 and 5-2 and Table 5-1.) 

To observe natural radio sources, because quasar sources are 
so weak, much larger antennas are required. Integration 
time is limited by clock and other instrumental 
instabilities. Sampled bandwidth is limited by the 
requirement of real-time signal transmission. Receiver 
noise is the current (1988) state of the art for commercial, 
cryogenica 1 ly cooled field effect transistor (FET) 
receivers. Antenna diameters of 12 m are required for a 
secure detection. For the parameters assumed (see 
Table 5-1), the CSNR is 12.8, for a typical quasar of flux 
density -260 dBW/Hz/m^. 

The most expensive part of a VLBI-Q system is data 
transmission. Adequate SNR requires approximately 9 Gbits 
of data for each observation at each site. Development of 
systems with improved system temperatures would reduce data 
volume proportional to the second power of the system 
temperature. Conversely, uncooled receivers would have 
system temperatures roughly double that of cooled receivers 
and would require four times as much data transfer. Use of 
larger antennas would reduce data volume proportional to the 
fourth power of the diameter. Tradeoffs between antenna 
size and data transfer requirements, therefore, need 
consideration . 

For CEI systems, the quasar antennas were simply specified 
to be the same as chosen for the VLBI systems. Integration 
times are somewhat more limited due to greater sensitivity 
to atmospheric fluctuations. For the CEI systems, it is 
possible to ship much more than the specified 50 MHz down 
the fiber optic links. It is possible and perhaps 
economical to trade increased bandwidth for reduced antenna 
size or for use of uncooled receivers. 

5. 1.5. 5 Operations (Remote Versus Manned) 

Unmanned station operations are obviously preferred when 
possible. Based on concepts already developed for the more 
complex VLBI-based systems, unmanned operations should be 
feasible. However, 12-m antennas and helium-cooled 
receivers would require constant monitoring and periodic 
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maintenance. It would be necessary at least to have a 
traveling crew visit each site regularly and to have 
full-time monitoring of all stations from the central 
control facility. Near-site on-call personnel are necessary 
for certain conditions that may be diagnosed but not 
repaired remotely. 

arrays proposed would have maintenance reguirements 
similar to the VLBI sites, as they too consist of 12-m 
antennas with cooled receivers. As each site would have 
five or more such antennas, and as the two sites are guite 
distant from each other, separate support staffs are needed; 
however, remote monitoring can enable operation without 
around-the-clock staffing. 

The satellite-calibrated techniques are much simpler systems 
than the others. The antennas are 2 m in diameter, the 
receivers are uncooled, and the data rates may not even 
reguire satellite communications capability. Even the most 
complex component, the hydrogen maser time standard, can be 
monitored remotely. 

5.2 SYSTEM ASSESSMENT 

This section describes factors to be used in assessment of 
interferometric systems. 

5.2.1 INTERFEROMETRIC ORBIT DETERMINATION 

Position accuracies for both ATDRS-E and ATDRS-W for various 
scenarios for the interferometric tracking systems listed in 
section 5.1.2 are evaluated. The first phase of this study 
examined the VLBI-Q and CEI-Q systems in great detail. 1 
The remaining systems were evaluated in the second phase. 
Resources prevented complete parameter studies of these 
latter systems as done for the first two. During the second 
study, two tracking scenarios were emphasized: orbit 

determination (OD) and trajectory recovery (TR) . 

The ATDRS tracking accuracy results are divided in the 
following into the two scenarios, OD and TR. OD is the 
normal scenario for which the ATDRS tracked. In the present 
DRS practice, 30 hours of data are used to determine 
or ^ )1 f s * ^he TR scenario simulates the post maneuver ATDRS 


x The VLBI-2S system was studied in both phases; the 

definitive results shown here were derived in the second 
phase. 
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scenario. Tracking begins after the maneuver begins and 
accurate orbits must be determined from as little as 2 hours 
of data. 

Performance is evaluated for both the definitive and 
predictive periods. In the case of OD, the predictive 
period of particular interest is 3 days. For TR, predictive 
periods of 6 hours to 1 day are emphasized. 

The assumed errors used in the simulation results that 
follow are displayed in Tables 5-4 through 5-11. Errors 
listed are the three sigma values. Displayed in Tables 5-12 
and 5-13 are summaries of the OD results using 
interferometric techniques for ATDRS-E and ATDRS-W, 
respectively. For each tracking alternative, the maximum 
total error for the definitive period, the source of the 
maximum error, and the number of hours that each has 
maintained ATDRS positions within the desired (75m) accuracy 
goal are shown. Tables 5-14 and 5-15 show the same for the 
TR scenario. 

A more complete accounting of the simulation results may be 
found in Appendix A. 

5. 2. 1.1 Definitive Period OD 

Most of the interferometric tracking alternatives satisfy 
the goals of this study during the definitive period in the 
OD scenario. The systems that exhibit the highest level of 
accuracy, VLBI-Q and VLBI-Ku, achieve a performance of under 
40m, 3 a. The only systems that do not meet the study 
goal for ATDRS-E in this scenario are VLBI-2S system without 
GTR to White Sands and the VLBI-GT system. The performance 
of the latter system was so disappointing here that no 
further performance studies were made on this system. 

In general, there is little difference between the 
performance of ATDRS-E and ATDRS-W in this scenario except 
that the determinations of ATDRS-E are usually better than 
ATDRS-W. This is principally due to better geometry in the 
case of the ATDRS-E. 

Use of the three ATDRS satellites in VLBI-3S alternative 
shows improves the tracking performance by about 33% over 
the similar VLBI-2S system. Similarly, the use of longer 
baselines in the VLBI-Ku system makes this system the most 
accurate at OD despite its higher measurement noise value 
than its counterpart, VLBI-2S . As one would expect, the GPS 
calibrated systems, VLBI-GC and VLBI-GH, have similar 
performance. These results indicate that GTR is required to 
meet the tracking goal with a high level of confidence. 
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Table 5-4. Error Budget: VLBI-Q 


Parameter 

Relative station location 


Troposphere - Systematic 


Ionosphere 


Clock offset 
Noise 

Quasar observation 
ATDRSS observation 
Troposphere 
Ionosphere 

Total (rms) 


Estimated Uncertainty 

0.06 m horizontal coordinates 
0.18 m vertical 

2% of total delay on second 
station 

0% on first station 

12% of total delay on second 
station 

0% on first station 
150 ps 


(0.056 m) 
(<0.008 m) 
(0.045 m) 
(0.008 m) 

0.073 m 
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Table 5-5. Error Budget: CEI-Q 


Parameter 


Estimated Uncertainty 


Relative station location 0.006 m per coordinate (x,y,z) 


Troposphere - Systematic 


East: baseline 1-2 

baseline 2-3 
baseline 3-1 

0.0034% 

0 . 0035% 
0.00014% 


West: baseline 1-2 

baseline 2-3 
baseline 3-1 

0 .0052% 
0.260% 
0.0210% 


Ionosphere 

0.0012% (apply as 
0.0012% 

0 . 0006% 

for 

Clock offset 

0 ps 


Noise: Instrumental 

0 . 073 m 


Noise: Tropospheric 

East; West 

Average day 
(Poor day) 

0.014 m; 0.020 m 
(0.050 m) ; (0.077 

m) 


troposphere) 
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Table 5-6. Error Budget: VLBI-2S Phase I 


Parameter Estimated Uncertainty 


Relative station location 


(Local X, Y 

, Z) 







Baseline 

C1-C2 

. 076 

m 

.076 

m 

.228 

m 

Baseline 

Cl-E 

. 154 

m 

.154 

m 

.462 

m 

Baseline 

C2-E 

. 186 

m 

. 186 

m 

.558 

m 

Baseline 

Cl-W 

. 168 

m 

.168 

m 

.504 

m 

Baseline 

C2-W 

. 156 

m 

.156 

m 

.468 

m 

Troposphere - 

Systematic 

4.5% 

(of 

total 

delay 

on 2nd 

Ionosphere 

Systematic 

100% 

(of 

delay 

difference) 

Clock errors 

- Systematic 

Solve for 




Noise: Instrumental (3a) 

.01 m 





Noise: Tropospheric (3a) 

East 

West 


Overhead 

Average 

day 







Baseline C1-C2 

.076 

m 

.064 

m 

.039 

m 

Baseline Cl-E 

.065 

m 

— 


.039 

m 

Baseline C2-E 

.068 

m 

— 


.039 

m 

Baseline Cl-W 

— 


.068 

m 

.039 

m 

Baseline C2-W 

— 


.068 

m 

.039 

m 
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Table 5-7. Error Budget: VLBI-2S Phase II 


Parameter 


Estimated Uncertainty 


Relative station location 


(Local X, Y, 

Z) 







Baseline 

C1-C2 

.076 

m 

.076 

m 

.228 

m 

Baseline 

Cl-E 

. 154 

m 

. 154 

m 

.462 

m 

Baseline 

C2-E 

. 186 

m 

.186 

m 

.558 

m 

Baseline 

Cl-W 

. 168 

m 

.168 

m 

.504 

m 

Baseline 

C2-W 

.156 

m 

.156 

m 

.468 

m 

Troposphere - 

Systematic 

4.5% 

(of 

total 

delay 

on 

Ionosphere 

Systematic 

100% 

(of 

delay 

dif f ere 

Clock errors - 

- Systematic 

Solve for 




Noise: Instrumental (3a) 

.01 m 





Noise: Tropospheric (3a) 

East 


West 


Center 

Average 

day 







Baseline C1-C2 

.072 

m 

.076 

m 

. 021 

m 

Baseline Cl-E 

.054 

m 

— 


. 020 

m 

Baseline C2-E 

.058 

m 

— 


.021 

m 

Baseline Cl-W 

— 


.059 

m 

.020 

m 

Baseline C2-W 

-- 


.060 

m 

.021 

m 
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Table 5-8. Error Budget: VLBI-Ku (Ku-Band Beacon VLBI) 


Parameter Estimated Uncertainty 

Relative station location (Local x,y,z) 

Baseline WST-FTD .06 m .06 m .24 m 

WST-RCH .06 m .06 m .24 m 

FTD-RCH .06 m .06 m .24 m 

Troposphere - Systematic 4.5% of total delay (if not 

solved for) 

Ionosphere - Systematic ATDRS : 100% of delay difference 

GPS: Calibrated 

Clock errors - Systematic Solve for 
Noise: Instrumental ATDRS 0.010 m 

Noise: Tropospheric ATDRS 

.099 for all stations and both 

satellites 
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Table 5-9. 


Error Budget: VLBI-GH (Hybrid System) 


Parameter 

Relative station location 
Troposphere - Systematic 
Ionosphere - Systematic 

Clock errors - Systematic 
Instrumental offsets (3a) 

Noise: Instrumental (3a) 

Noise: Tropospheric (3a) 


Estimated Uncertainty 

Same as VLBI-2S 
Solved for 

ATDRS : 100% of delay difference 

GPS: Calibrated 

Solve for 

ATDRS 0 

GPS 15 cm/satellite 

ATDRS 0.010 m 
GPS 0.020 

ATDRS Same as VLBI-2S 
GPS 0.048 


5-41 


2055 



Table 5-10. Error Budget: VLBI-GC (Coded System) 


Parameter 

Relative station location 
Troposphere - Systematic 
Ionosphere - Systematic 

Clock errors - Systematic 
Instrumental offsets (3a) 

Noise: Instrumental (3a) 

Noise: Tropospheric (3a) 


Estimated Uncertainty 

Same as VLBI-2S 
Solved for 

ATDRS: 100% of delay difference 

GPS: Calibrated 

Solve for 

ATDRS 0 

GPS 9 cm/satellite 

ATDRS 0.010 m 
GPS .074 

ATDRS Same as VLBI-2S 
GPS 0.048 
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ansfer ) 


Table 5-11. Error Budget: VLBI-GT (GPS Time Tr 


Parameter 

Relative station location 
Troposphere - Systematic 
Ionosphere - Systematic 

Clock errors - Systematic 
Instrumental offsets (3a) 
Noise: Instrumental (3a) 

Noise: Tropospheric (3a) 


Estimated Uncertainty 

Same as VLBI-2S 
Solved for 

ATDRS : 100% of delay difference 

GPS: Calibrated 

Solve for 

ATDRS 0 

ATDRS 0.010 m 

ATDRS Same as VLB I -2 S 
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Table 5-12. 


Summary of OD 


Accuracies for ATDRS— E 


Total 
OD Error 
(meters) 


Largest OD 
Error Source 


Duration of 
<7 5 m 

Predictions 

(hours) 


Tracking or 
Solution 

System Type 

VLBI-Q R 

VLBI-Q N 

VLBI-Q S 

CEI-Q R 

CEI-Q N 

VLBI-2S RT 

VLB I - 2 S N 

VLBI-3S R 

VLBI-3S N 

VLBI-GC NT 

VLBI-GC RT 

VLBI-GH NT 

VLBI-GH RT 

VLBI-GT N 

VLBI-Ku N 

NOTE: Errors are all 3a. 


Troposhere 

45 

Troposhere 

>72 

Troposhere 

>72 

Range bias 

>72 

Noise 

2 

Solar Rad. 

68 

Troposhere 

0 

Range bias 

>72 

Ionosphere 

54 

Ionosphere 

19 

Ionosphere 

22 

Ionosphere 

0 

Ionosphere 

43 

Clocks 

0 

Earth Orientation 

>72 


35 

33 

32 

40 

71 

62 

106 

44 

67 

75 

56 

77 

53 

185 

23 


N = No Range Data 
R = Range Data 
S = R+ Solve Range bias 
T = Solve Troposphere Height 


5-44 


2055 



Table 5-13. Summary of OD Accuracies for ATDRS-W 



Tracking or 

Total 


Solution 

OD Error 

System 

Type 

(meters} 

VLBI-Q 

R 

36 

VLBI-Q 

N 

34 

CEI-Q 

R 

59 

CEI-Q 

N 

87 

VLBI-2S 

RT 

121 

VLBI-2S 

N 

104 

VLBI-3S 

R 

72 

VLB I -3 S 

R 

50 

VLBI-3S 

R 

70 

VLBI-GC 

NT 

80 

VLBI-GC 

RT 

51 

VLBI-GH 

NT 

82 

VLBI-GH 

RT 

48 

NOTE: Errors are all 

3a. 


Largest OD 
Error Source 

Duration of 
<75 m 

Predictions 
(hours } 

Troposhere 

>72 

Troposhere 

>72 

Solar rad. Press. 65 

Station Position 0 

Ionosphere 

0 

Troposhere 

0 

Troposhere 

39 

Ionosphere 

>72 

Ionosphere 

51 

Ionosphere 

0 

Ionosphere 

56 

Ionosphere 

0 

Ionosphere 

0 


N = No Range Data 
R = Range Data 
S = R+ Solve Range bias 
T = Solve Troposphere Height 
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Table 5-14. Summary of TR Accuracies for ATDRS-E 



Tracking or 
Solution 
Tvoe 

Total 
TR Error 
("meters) 

Largest TR 
Error Source 

Duration of 
<75 m 

Predictions 

(hours) 

Lp? j kJ ^ V 

VLBI-Q 

— -l Jr v 

R 

43 

Troposhere 

8 

VLBI-Q 

N 

647 

Noise 

0 

CEI-Q 

R 

100 

Station position u 

CEI-Q 

N 

8132 

Noise 

u 

VLBI-2S 

RT 

47 

Range bias 

9 

VLBI-2S 

N 

1055 

Noise 

0 

VLBI-3S 

R 

42 

Range bias 

8 

VLBI-GC 

RT 

80 

Ionosphere 

0 

VLBI-GH 

RT 

89 

Ionosphere 

0 

VLBI-Ku 

N 

36 

Noise 

4 

NOTE : ] 

Errors are all 

3a . 




N = No (GTR) Range Data 
R = Range (GTR) Data 
T = Solve Troposphere Height 
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Table 5-15. Summary of TR Accuracies for ATDRS-W 


Duration of 


System 

Tracking or 
Solution 
Type 

Total 
TR Error 
(meters) 

Largest TR 
Error Source 

<75 m 

Predictions 
(hours ) 

VLBI-Q 

R 

53 

Troposhere 

7 

VLBI-Q 

N 

909 

Noise 

0 

CEI-Q 

R 

131 

Station position 0 

CEI-Q 

N 

9741 

Noise 

0 

VLBI-2S 

RT 

127 

Ionosphere 

0 

VLBI-2S 

N 

1086 

Noise 

0 

VLBI-2S 

R 

99 

Trosphere 

0 

VLB I -3 S 

R 

68 

Solar rad. press. 7 

VLBI-GC 

RT 

130 

Ionosphere 

0 

VLBI-GH 

RT 

140 

Ionosphere 

0 


NOTE: Errors are all 3a. 


N = No Ranging (GTR) Data 
R = Range Data 

T = Solve Troposphere Height 
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5. 2. 1.2 Predictive Period OP 


Only three systems were able to maintain orbits of study 
goal accuracy for 3 days after tracking: VLBI-Q, VLBI-3S, 

VLBI-Ku. GTR is required for this performance only in the 
case of VL3I-3S although this system accurately tracks both 
ATDRSS satellites in excess of 2 days without GTR. Again, 
solving for the orbits of the three satellites 
simultaneously improves the determination for VLBI-3S over 
that for 7L3I-2S. The remaining GPS calibrated systems, 
VLBI-GC and VLBI-GH, predict accurately usually between 
1 and 2 days and never for 3 even when supplemented by GTR. 

5. 2. 1.3 Definitive Period TR 

The TR scenario (2 hours of tracking) is a difficult 
scenario for tracking systems to handle accurately. Only 
the VLBI-Q, VLBI-3S, and the VLBI-Ku systems maintain the 
study’s tracking accuracy goals for both satellites. Of 
these, only VLBI-Ku can maintain this without GTR to White 
Sands. The quasar calibrated systems perform very badly 
without GTR for the short, 2-hour spans of data. Parameter 
studies given in the appendix, show that approximately 
6 hours of data are needed by the VLBI-Q system for GTR not 
to be needed and the full 30 hours of data is needed by the 
CEI-Q system. 

5. 2. 1.4 Predictive Period TR 

Prediction of ATDRS orbits from only 2 hours of tracking 
data is the most stringent test of the various tracking 
alternatives. Of the systems that met the tracking goals 
for TR definitive, none accurately predicts for more than 
nine hours and all require GTR. The VLBI-Q and VLBI-3S 
systems show accurate predictions of more than 6 hours. The 
VLBI-Ku system was not simulated with GTR due to lack of 
time and resources. 

5.2. 1.5 Effect of Range Noise and Bias Levels 

For the results presented here, the somewhat optimistic 
value of 1 m (3 a) was used- as the noise level for the 
ATDRSS ground station range data. To determine the impact 
of relaxing this constraint, VLBI-Q results for a 2-hour TR 
were obtained for varying levels of range noise. The 
results are shown in Figure A3-3 of Appendix A. Noise 
levels in excess of 30 m did not significantly affect TR 
definitive period orbit accuracy. Further, because the 
component of the total error due to unmodeled range bias 
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never exceeds 3 m, this bias can be as large as 20 m without 
causing the total error to exceed the performance criteria. 

Due to resource and time constraints, studies of the effect 
of range noise and bias levels were not conducted for 
systems other than VLBI-Q. For several of these systems, 
e.g., VLBI-2S, the bias level will have a significant effect 
on the orbit and trajectory accuracies. If further studies 
of interferometric tracking alternatives are to be 
conducted, this is an area that merits further investigation. 

5. 2. 1.6 Discussion 

The only tracking systems that show the most acceptable 
level of performance for both OD and TR and during 
definitive and predictive periods. These are VLBI-Q, 

VLBI-3S, and VLBI-Ku. 

5.2.2 OBSERVATION STALENESS 

Table 5-16 summarizes the steps in deriving the calibrated 
delay difference and gives estimates of the time involved in 
performing each step. The first item, initial fringe 
search, applies only when the a priori satellite position is 
highly uncertain. The 5-minute data transmission for 
multiple-satellite and GPS-calibrated systems assumes a 
narrow communications channel (105 kbits/s); a wider channel 
would reduce this time proportionately. In the GPS hybrid 
system, GPS group delay observations can be multiplexed onto 
the same channel between ATDRS observations. 

5.2.3 ATDRS IMPACTS 

The signal source used in all of the systems except VLBI-Ku 
is the Ku-band downlink. This signal source is available 
for passive observation and has no impact on design or 
operation of ATDRS. Adequate TR performance will require 
AGT ranging data. Because this ranging system would 
probably be included in the terminal design, there may be no 
additional impact. Such a conclusion depends on the ranging 
accuracy required. 

Communication of data may impose a substantial impact for a 
VLBI-Q system. Large data rates are required (at least 
32 Mbits/sec from each remote station). Although 
communications need not be through ATDRS itself, some means 
of transport is required. The time-averaged data ioad for 
the network is about one-sixth of the above, per site, in 
normal OD tasks. This problem does not arise in the VLBI-2S 
or CEI-Q system because the data rates are at least 
100 times smaller. 
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Table 5-16. Time Required To Derive Calibrated Delay 
Difference 


All Other 


System 

VLBI-0 

CEI-0 

VLBI Systems 

(Fringe search) 

(1 min) 

(1 min) 

(1 min) 

Data taking 

5 min 

2 min 

1 sec 

Data transmission 

1 sec 

- 

5 min 

Correlation 

(real time) 

(real time) 

(real time) 

Fringe fitting 

3 min 

5 sec 

20 sec 

Corrections and 
calibrations 

20 sec 

20 sec 

20 sec 

Transmission to 
FDF 

1 sec 

1 sec 

1 sec 

TOTAL 

10 min 

3 . 5 min 

7 min 


5.2.4 TECHNOLOGY RISKS 

Technology involved in building these interferometric 
systems is all within present-day state of the art, with 
minor exceptions. The performance estimates also depend on 
the detailed error budget, parts of which are uncertain. 

These aspects will be discussed in turn. 

5. 2. 4.1 CEI System Risks 

The CEI system may be compared with the Very Large Array 
(VLA) , which has operated regularly at Ku-band for more than 
10 years. At the VLA, the antennas are larger, the baselines 
longer, the total data transmission greater, and the number 
of stations greater than for the system proposed here. 

This system would use optical fiber links for data 
transmission, as a less expensive alternative to waveguide. 
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Data rates of 10 GHz-km are within current capabilities. So 
too are receiver bandwidths of 1 GHz at Ku-band. The 
correlator system can employ the Haystack correlator system 
architecture, using the new 20 MHz correlator chips now 
being tested. Alternatively, for a phase-delay-only system, 
the VLA correlator system is adequate, scaled down and with 
software modifications for improved tracking of nonsidereal 
sources . 

Modification of the CEI system to produce group delay 
measurements goes beyond current CEI systems but does not 
require any new technology. The required receiver bandwidth 
is about 1 GHz, well within current capabilities for cooled 
Ku-band receiver design. Fiber optic links, capable of 
transmitting the entire 1 GHz signal 10 km, are commercially 
available today. Correlation may be performed by a series 
of chips processing smaller bandwidths. 

Design of a CEI system to produce group-delay measurements 
goes beyond current CEI systems. The hardware elements do 
not extend current capabilities. The required receiver 
bandwidth is about 1 GHz, under 10 percent of the center 
frequency, which is within current capabilities for cooled 
Ku-band receiver design. Fiberoptic lines capable of 
transmitting the 1-GHz-wide signal over 10 km are 
commercially available at present. The new NASA GSFC 
Crustal Dynamics Project phase-calibration system is 
probably adequate. Correlation may be performed by a series 
of chips processing smaller bandwidths. Such a system would 
require a new design; however, the individual processor 
chips required have already been developed for use in radio 
astronomy. 

5. 2. 4. 2 VLB I Systems Risks 

VLBI arrays have operated at Ku-band for many years now and 
have recently operated at up to 90 GHz. The possibility of 
real-time data correlation was demonstrated more than 
10 years ago (Reference 5-10). The present version of the 
phase calibration unit would perform inadequately at 
Ku-band. However, that phase calibration system has been 
redesigned, and a prototype is now being tested (summer 
1988) . 

The major change to the correlator system would be the 
addition of large buffers, to allow synchronization of data 
being transmitted in real time from remote stations. Such 
buffers have been used (Reference 5-10) . 
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5. 2. 4. 3 GPS Error Budget Risks 


For the GPS/Hybrid calibrated system, most elements are 
already extant. This includes the phase tracking receivers 
to propagate group delay measurements, and software (GEODYN) 
for producing GPS ephemerides. The software for utilizing 
the interferometric observable is not yet implemented in the 
commercially available PC version of GEODYN, but it has been 
implemented in a mainframe version. 

One technical uncertainty is control of multipath effects in 
GPS observations. The hybrid system may be less susceptible 
than some others because (1) an elevation cutoff of 
20 degrees is assumed; (2) group delay observations are made 
with a 2-m directional antenna; and (3) the carrier phase 
tracking observations are less susceptible to multipath 
effects than group delay or pseudorange measurements. 

The other area of technical uncertainty is tying the GPS and 
ATDRS observations to the same coordinate frame. Unlike in 
the quasar-calibrated system, there is no way to calibrate 
the difference in electrical reference points by 
observation. That uncertainty should be added into the 
baseline vector uncertainty, but it has not yet been 
evaluated . 

5. 2. 4. 4 Error Budget Risks 

The OD and TR results derived here depend critically on the 
error budget assumed. This error budget, described in 
Appendix A, was carefully considered and comprises best 
estimates of the true error contributions from each error 
source. Some of these estimates are themselves uncertain. 

Errors estimates from solar radiation pressure, ionosphere, 
and troposphere are least firm. Solar radiation pressure 
depends on the orientation and reflectivity of the satellite 
and on the variability of solar flux. The ionospheric error 
depends on the ionospheric excitation level (systematic 
error) and the level fluctuations (noise-like error); 
however, neither of these are dominant error sources. 

Errors due to troposphere are the largest source of 
uncertainty in the OD/TR results. 

The systematic error is based on detailed studies of how 
accurately tropospheric delay can be predicted. The 
estimated errors are global averages and neglect effects of 
meteorological measurement errors. Such effects cause 
substantial errors in delay estimates at certain times. 
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Tropospheric fluctuations are another major uncertainty. 

The equivalent delay noise assumed in based on a model of 
substantial uncertainty and on average weather conditions. 
Under severe conditions, the equivalent noise can be three 
to five times worse. The statistics on how often the noise 
is how large are particularly uncertain and probably highly 
site dependent. For the CEI systems, which are 
substantially limited by measurement noise, this poses 
significant uncertainties. 

5.2.5 EXTERNAL DEPENDENCIES 

The VLB I systems are dependent on data links to transmit 
observations for real-time correlation. These links may be 
through ATDRS (see Section 5.2.3) or may be external. The 
systems also rely on Earth orientation information from 
external sources, although VLBI-Q could, at increased 
operational cost, obtain that information independently. 

The GPS-calibrated VLBI systems require that the Navy's GPS 
satellites be deployed and operational. Different versions 
have different requirements. 

The VLBI-GT system (GPS for time transfer) requires that 
time transfer through GPS be accurate to at least 
1 nanosecond (1E-9S). This requires at least one satellite 
to be visible at any given time and broadcasting its 
position with sufficient accuracy. It also requires 
decoding the secure (P-code) signal. 

A subset of the satellites may have accurate, undithered, 
unencrypted signals available for the time-transfer 
community. In that event, the facility would not need to be 
secured. In any case, the ephemerides would have to be 
exceedingly accurate. 

The VLBI-GC system uses GPS for calibration by observations 
of the coded signal, and fitting orbits. This requires 
signal decoding, with associated security requirements. 
Because GPS orbits would be fitted, the broadcast ephemeris 
need not be highly accurate. 

The VLBI-GH system involves group delay and carrier phase 
observations of the GPS. The P-code signals are not 
decoded; therefore, secure facilities are not necessary. 
Broadcast GPS ephemeris need not be highly accurate because 
they are required only for antenna pointing. 
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5.2.6 OTHER FEATURES 


Implementation of any of the interferometric tracking 
systems described here would provide time synchronization at 
the sites from which the ATDRS is observed. Therefore, the 
opportunity arises to track other satellites from these same 
sites using interferometric measurements. The observations 
might be made with the same equipment, at very little 
additional expense. 

5.2.7 DISCUSSION 

The major advantage of the interferometric observable is 
that no satellite cooperation is required. Passive 
observation of the ATDRS SGL can provide the delay 
difference measurement with no use of satellite resources. 
The proposed systems are all based on current 
state-of-the-art radio astronomical technology. None 
(excepting VLBI-Ku) requires development of new hardware 
systems. (See Section 5.2.7.) 

The VLBI-Q and VLBI-3S system options meet normal OD 
requirements by these passive interferometric observations 
alone. The CEI-Q system does not quite meet the OD 
specification (25-m 1 -ct error). The GPS calibrated 
systems, VLBI-GC and VLBI-GH, require GTR (ranging) to 
achieve the OD study goal. 

The VLBI-Q and VLBI-3S systems require supplemental 
accurate range measurements to the AGT for adequate, timely 
TR performance. The CEI-Q system does not quite meet TR 
needs (25-m 1-a uncertainty in 2 hours), even with 
supplemental range measurements. The VLBI-GC and VLBI-GH 
systems do not meet the study goals for TR. 

The OD results for VLBI-Q and VLBI-3S are slightly more 
pessimistic than before (References 5-4, 5-5) as a result of 
revision of the error model. Improved atmospheric modeling, 
measurement, or water vapor radiometers would substantially 
improve all OD and TR results. For the CEI option, longer 
baselines may also yield better orbits. 
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SECTION 6 - ATDRS/GPS TRACKING SYSTEMS 


The NAVSTARGPS, administered by the Department of Defense 
(DoD) , permits several techniques to determine ATDRS 
orbits. GPS comprises a network of as many as 24 low 
Earth-orbiting satellites, each emitting L-band ranging 
signals, and allows a GPS user equipped with a GPS receiver 
to observe a subset of the network at any instant and, on 
the basis of the emitted GPS signals, compute the user's 
instantaneous position and time. Use of GPS to track the 
ATDRSS satellites, however, is complicated by the ATDRS 
geosynchronous orbits. This section provides a brief 
introduction to GPS and presents three potential ATDRS/GPS 
tracking systems, termed direct, passive differential, and 
direct differential. 


The Direct ATDRS/GPS Tracking System requires that a GPS 
receiver be placed onboard the ATDRSS satellites and relies 
on line-of-sight signal propagation between the GPS 
satellites and ATDRS. ATDRS measurement of the visible GPS 
signals and relay of the observations to the AGT then 
permits ATDRS OD. In the Passive Differential ATDRS/GPS 
Tracking System, GPS receivers are not placed onboard the 
ATDRS satellites; rather, the ATDRSS satellites are assumed 
to emit a ranging signal such as an S-band, PRTS, or Ku-band 
beacon. Ground tracking stations measure ranging signals 
from a single ATDRSS satellite and a single GPS satellite. 
The ATDRS and GPS measurements are differenced at each 
station; then the measurements of pairs of ground stations 
^®J° uble differenced to form the observations used for 
ATDRSS OD. Finally, the Direct Differential ATDRS/GPS 
Tracking System involves a GPS receiver onboard the ATDRSS 
satellites. To eliminate common mode errors, however 
measurements of two GPS satellites made simultaneously by 
the ATDRS and a ground tracking station are differenced and 
then double differenced to form the ATDRSS OD observation. 

6.1 GPS OVERVIEW 

The NAVSTAR GPS is a worldwide precise navigation system in 
which a constellation of up to 24 GPS satellites provides a 
spatial and temporal reference system for GPS users equipped 
with appropriate receivers. Instantaneous position, 
velocity, and time may all be determined by Earth- or 

?!! ar ™! rth ~ baSed GPS . users - However, limited visibility of 
the GPS network requires that geosynchronous altitude users 
employ dynamic OD methods, which use measurements between 
the geosynchronous user and the GPS satellites to correct a 
dynamical model of the user's orbit. 


2055 


6-1 



Aspects of the GPS satellite constellation and system 
architecture , the GPS signal structure and navigation, 
message, typical GPS receiver characteristics, selective 
availability of the system, and GPS visibility, especially 
to geosynchronous GPS users, are discussed in the sections 
that follow. 

6.1.1 GPS SYSTEM ARCHITECTURE 

GPS is divided into three segments: the Space Segment, the 

Control Segment, and the User Segment. The GPS Space. 
Segment, supported by the GPS Control Segment, is designed 
to provide the User Segment with precise instantaneous 
position, velocity, and time at the GPS user's location.. As 
shown in Figure 6-1, precise position, velocity, and time 
determination is made -possible by satellite navigation 
information incorporated as data on the signal each GPS 
satellite emits. Each GPS satellite broadcasts its position 
and time as part of the GPS navigation message. Measurement 
of the range to four GPS satellites in simultaneous view of 
the GPS user provides enough information to determine the 
user instantaneous spatial coordinates and velocity and to 
eliminate the clock bias of the user's receiver with respect 
to the GPS system clock. 

Current plans the GPS Joint Program Office has adopted call 
for deployment of two phases of the GPS satellite 
constellation (Reference 6-1) that constitutes the GPS Space 
Segment. The first phase requires implementation of an 
Optimal 21-Satellite Constellation (OSC) composed of 18 GPS 
satellites and 3 active spares to be placed in orbit by fall 
of 1989. The second phase then requires implementation by 
the mid-1990s of a Primary Satellite Constellation (PSC) 
composed of 21 GPS satellites and 3 active spares. Both the 
OSC and the PSC consist of 6 orbital planes inclined at 
55 degrees. The longitudes of the ascending nodes of the 
orbital planes are separated by 60 degrees for both the OSC 
and PSC, with three and four satellites per plane, 
respectively. Positioning of the GPS satellites is not 
uniform within an orbital plane. The orbital radius of each 
satellite is 26,609 km, and the orbital period is 11 hours, 
59 minutes, and 57 seconds. All references to the GPS 
constellation in Section 6 will refer to the 24— satellite 
PSC, in keeping with the likely implementation date of any 
ATDRS tracking system. 

The GPS Control Segment performs GPS satellite tracking, 
monitoring, and control functions. Three types of ground 
stations constitute the Control Segment: remote monitor 
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• SIMULTANEOUS OR 
NEAR SIMULTANEOUS 
OBSERVATION OF AT 
LEAST 4 GPS 
SATELLITES ALLOWS 
ESTIMATION OF 
INSTANTANEOUS 
POSITION, VELOCITY 
AND TIME 


GPS NAVIGATION MESSAGE: 
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USER DETERMINES: 
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Figure 6-1. Instantaneous Navigation Using GPS 
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stations derive Space Segment tracking data from broadcast 
GPS signals; a master control station processes the tracking 
data and develops navigational message parameters for each 
GPS satellite; and an uploading station supports the relay 
of control commands to the elements of the Space Segment, 
updating the navigation message data every 8 hours. The GPS 
Space Segment is synchronized to the master control 
station's cesium clock to establish GPS system time. 
Knowledge of the difference between GPS system time and UTC 
is maintained to within 100 psec, and the corrections are 
published regularly for the benefit of GPS users. 

The GPS User Segment comprises the receiver/processor 
equipment of GPS users, both Earth-based and space-based. 
Users typically determine their instantaneous position and 
velocity through use of pseudorange and pseudorange-rate 
measurements of four GPS satellites in simultaneous view. 

GPS time transfer to GPS users may be made with the same 
equipment . 

6.1.2 GPS SIGNAL STRUCTURE AND NAVIGATION MESSAGE 

The GPS signal structure and navigation message allows GPS 
users to measure pseudorange and pseudorange-rate to each 
GPS satellite. The GPS signal each GPS satellite emits is 
composed of two L-band spread spectrum signals with 
frequencies centered at 1227.6 and 1575.42 MHz. These 
center frequencies are referred to as LI and L2, 
respectively. Their signal characteristics are summarized 
in Table 6-1 (References 6-2 and 6-3). Each center 
frequency is a coherently selected multiple of a 10.23 MHz 
clock, and the frequency separation between the LI and 
L2 signals provides an ionospheric error correction 
capability to the GPS User Segment. The LI signal is QPSK 
modulated, where the in-phase component is PN-modulated by 
the Precise Positioning Code at 10.23 MHz to form the 
precise (P-code) signal and the quadrature component is 
modulated by the Standard Positioning Code at 1.023 MHz to 
form the clear acquisition (C/A-code) signal. The L2 signal 
is BPSK modulated by the P-code. The 1500-bit GPS 
navigation message is encoded on both carriers at a data 
rate of 50 bps. The GPS signal structure is designed to 
support user position, velocity, and time determination 
through processing of either the full signal structure or 
the C/A-code signal alone. Users authorized to obtain the 
full position determination accuracy permitted by GPS are 
provided access to the set of GPS P-codes for use in their 
GPS receivers. 
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Table 6-1. GPS Signal Parameters 


PARAMETERS 

DEFINITION 

Lj SIGNAL 


RF FREQUENCY 

1575.42 MHz (154 x 10.23 MHz) 

MODULATION 

QPSK 

IN-PHASE SIGNAL (P-CODE) 


PN CHIP RATE 
PN CODE LENGTH 
CODE TYPE 
EPOCH 

■ 

10.23 Mods 

- 6 x 10 1 * CHIPS (EXACTLY ONE WEEK) 
PRODUCT CODE (XI AND X2) 

RELATED TO SUBFRAME EPOCH AND 
HANDOVER WORD 

QUADRATURE SIGNAL (C/A CODE) 


PN CHIP RATE 
PN CODE LENGTH 
CODE TYPE 
EPOCH 

1.023 Mcps 
1023 CHIPS 
GOLD CODE 

SYNCHRONOUS WITH 50 BPS DATA CLOCK 
AND XI (P-CODE ELEMENT) 

l 2 SIGNAL 


RF FREQUENCY 
MODULATION TYPE 
PN MODULATION 

1227.6 MHz (120 x 10.23 MHz) 
BPSK 

P CODE (AS DESCRIBED ABOVE) 

DATA MODULATION 

GPS NAVIGATION MESSAGE; MODULATES 
L, IN-PHASE AND QUADRATURE 
CHANNELS AND 
l 2 SIGNAL 

DATA FORMAT 
DATA RATE 

NRZ 
50 BPS 
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The GPS navigation message is a dat ^ stream common to both 
i-hp P-code and C/A-code signals on both the Ll ana 
L2 frequencies. The information contained in the message 
i w GPS user to obtain the GPS satellite ephemendes, 

system time, satellite clock behavior data transmitter 
status information, the GPS constellation almanac, 
ionospheric propagation delay parameters, and C/A- 
handover information (References 6 3 and 6 4). 

The navigation message, as shown in Figure 6-2, is contained 
-in frames of 1500 bits, with each frame divided into fiye 
subframes of 30? bits. Each subframe contains system tame 
and C/A to P-code handover information. Subframes are 
further divided into 10 words of equal length, with all 
subframes prefaced by' a telemetry word (designated TLM) and 
a handover word (HOwJ. The TLM and HOW are generated by the 
GPS satellite; the remaining information m the message 
generated by the GPS Control Segment and uploaded to the 
satellite . 

The TLM contains an 8-bit preamble, 14 bits of TLM message 
data 6 parity bits, and 2 extra bits. The TLM message 
contains status information for the GPS user regarding the 
GPS satellite transmitting the signal; for example, an 
indicator designating when an upload message is be 9 
received by the satellite, diagnostic messages, and other 
messages reflecting the status of the GPS satellite at the 
time of transmission of the navigation message. 

The HOW contains a 17-bit counter that indicates the 
transmitting GPS satellite’s time at the leading edge of the 
next subframe relative to the GPS system JSlm 

In addition, a 1-bit synchronization flag, a 3-bit subframe 
identifier, 6 parity bits, and 2 extra bits are contained 
within the HOW. When combined with the C/A-code epoch and 
the navigation message subframe time, the HOW provides the 
user equipment with enough information to make a transition 
from C/A-code tracking to P-code tracking at the next 
subframe . 

in addition to the TLM and HOW, the navigation message 
provides uploaded data from the GPS Control Segment. The 
first subframe contains frequency standard corrections, an 
associated age-of-data word, and ionospheric propagation 
delay model coefficients. The second and third subframes 
contain a representation of the satellite's ephemens and 
aqe-of-data words. The fourth subframe contains 
alphanumeric messages generated by the GPS Control. Segment 
intended for conveying information to GPS users. The fifth 
subframe contains almanac data that provides enough 
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time-dependent positional information, operational status, 
and clock correction data on all the members of the GPS 
constellation to allow the GPS user to develop acquisition 
schedules independently. Twenty-five frames of data are 
required to construct the almanac. 

3y the mid-1990s, the GPS satellites will use cesium clocks 
(or possibly hydrogen masers) as their onboard time 
standard. Cesium clocks provide frequency stability of one 
part in 10^ per day. The master control station monitors 
each satellite's clock daily and compares its behavior to 
the ground-based GPS system time standard. The master 
control station generates clock correction parameters for 
each satellite to characterize the departure of a 
satellite's clock from the system time standard. The 
satellite's clock parameters are uploaded by the upload 
station for transmission to GPS users as part of the GPS 
navigation message. 

Users with accurate a priori knowledge of their own position 
can effect time transfer using GPS. In its simplest form, 
GPS time transfer may be achieved by using the GPS satellite 
position (included in the navigation message) to estimate 
the propagation delay between a GPS satellite and the user 
and then adding this value to the time the signal was 
transmitted. Deviation of each satellite's clock from GPS 
system time may be corrected using data included in the 
navigation message. Differential GPS time transfer 
techniques (Reference 6-5), especially the 

common-mode/common-view technique, can provide time transfer 
accuracies on the order of one ns. 

6.1.3 TYPICAL GPS RECEIVER CAPABILITIES 

Figure 6-3 contains a block diagram of a typical GPS 
receiver for Earth- or near-Earth-based users. Inputs are 
the GPS signals as received by the antenna subsystem and 
user commands needed to initialize and control receiver 
operation. The GPS receiver acquires and tracks each 
selected GPS satellite signal to determine the GPS signal 
epoch and relative frequency offset; extracts the time of 
signal transmission from the GPS navigation message; and 
through comparison with the receiver's own clock and 
frequency reference, determines the pseudorange and 
pseudorange-rate. After observation of at least four GPS 
satellites, outputs from the receiver include the computed 
user position, velocity, and time bias as well as whatever 
intermediate data the user may require for error checking or 
further processing. As the figure shows, there are three 
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Figure 6-3. Typical GPS Receiver Functional Diagram 



distinct major subsystems of a typical GPS receiver: the 

GPS antenna, the GPS signal processor, and the GPS 
navigation processor. 

Upon initialization, the navigation processor of the 
receiver must be bootstrapped with a priori information of 
the positions of the GPS satellites as a function of time so 
that the visibility of the GPS satellites can be determined 
based on approximate knowledge of the user location. When 
the user has loaded this a priori almanac of GPS satellite 
positions, the receiver determines which satellites are 
visible and begins to acquire their signals. Ultimately, 
the almanac is updated automatically from data contained in 
the GPS navigation message. The GPS satellites to be viewed 
are typically selected for observation based on their 
angular separation: greater angular separation reduces the 

geometrical dilution of precision of the measurement, 
thereby optimizing the position/velocity/time solution. 

The receiver’s signal processor performs signal acquisition 
and tracking. Depending on the design, the receiver may 
acquire and track four or more satellites in parallel or 
sequentially. Parallel processing implies a multichannel 
receiver, whereas sequential processing implies a 
single-channel receiver that time shares its operation among 
the observed GPS satellites. After a GPS signal has been 
acquired, it is tracked either continuously by a 
multichannel tracking receiver or in turn by a sequential 
receiver. A sequential tracking scheme is controlled by the 
navigation processor and is typically applied as a 
round-robin algorithm to repeat observations of the selected 
GPS satellites. Therefore, a sequential receiver thus must 
track a particular GPS satellite's signal over a period of 
time sufficient to allow demodulation and message data 
extraction by the signal processor before switching to 
acquire and track the next selected GPS signal. 

Independent of the specific receiver signal processor 
design, acquisition and tracking of each GPS satellite’s 
signal requires a succession of operations. First, the C/A 
code signal is acquired at the LI frequency. This signal, 
modulated by a relatively slow and short PN code, can be 
acquired rapidly and is used as a reference to transition to 
the precise P— code signal at the same frequency. After the 
C/A signal is tracked and the navigation message has been 
extracted, the HOW in the navigation message is used to 
acquire and track the P— code signal. The combination of the 
C/A code epoch, the navigation subframe epoch, and the HOW 
provides the signal processor with enough information to 
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acquire the P-code at the next subframe epoch. When the 
P-code signal has been acquired and is tracked, precise, 
pseudorange and pseudorange-rate measurements may be made at 
the LI frequency. This facilitates acquisition and tracking 
of the L2 P-code signal because the L2 signal is clocked in 
synchrony with the LI signal codes. The navigation 
processor may use the difference between P-code pseudorange 
measurements made at the LI and L2 frequencies to determine 
the correction for the ionospheric delay encountered in the 
measurement . 

The time and frequency offsets of the receiver with respect 
to GPS system time and frequency are not critical because 
pseudorange measurements made to four GPS satellites provide 
the navigation processor with enough information to solve 
for the time offset as part of the navigation solution. For 
sequential receivers, however, the stability of the 
receiver’s oscillator over the time required to process four 
GPS satellites sequentially is significant. The typical 
sequential GPS receiver uses a crystal quartz oscillator 
with a frequency stability of one part in 10^0 per day. 

Raw pseudorange and pseudorange-rate data extracted from the 
GPS signals by the signal processor are provided as inputs 
to the navigation processor. Offsets between the GPS system 
time and the time-of-transmission indicated by a specific 
GPS satellite signal are calculated by the navigation 
processor on the basis of clock data included in the 
navigation message and applied as an adjustment to the 
pseudorange measurements. Ionospheric corrections derived 
from data included in the navigation message and the LI and 
L2 signal measurements are also used to adjust the raw GPS 
measurements. The navigation processor then uses the GPS 
ephemeris data in the GPS navigation message to compute the 
position of the user satellite. The combination of the four 
pseudoranges and satellite positions is sufficient 
information for the navigation processor to solve for the 
user position. Typically, a Kalman filter is implemented in 
the navigation processor to provide an optimized estimate of 
the receiver's position based on a continuing time series of 
GPS satellite observations. 

6.1.4 GPS SELECTIVE AVAILABILITY 

Selective availability refers to the intentional degradation 
of the GPS navigational accuracy by the GPS Control 
Segment. Selective availability is accomplished by the 
controlled dithering of the GPS satellite clocks and/or the 
controlled alteration of the GPS ephemerides in the GPS 


2055 


6-11 



navigational message. Authorized users may correct both 
methods of accuracy degradation. 

Selective availability will be invoked at times of national 
emergency to deny real-time use of GPS at the nominal levels 
of performance. When selective availability has not been 
invoked, the Standard Positioning Service (SPS) provided by 
the C/A-code signal on the LI carrier frequency will yield 
nominal performance levels equal-to-or-better-than 50 m 
(1 a), and the Precise Positioning Service (PPS) provided 
by the P-code signal on the LI and L2 carrier frequencies 
will achieve performance levels at 16 m for near-Earth users 
(Reference 6-6). When selective availability is invoked, 
these levels of performance are reduced significantly unless 
the GPS receiver possesses supplementary description 
capability to counteract the effects of selective 
availability. For those users without access to the 
correction algorithms, the accuracy of the instantaneous 
position determination process using the P-code may be 
reduced to several hundred meters. 

6.1.5 GPS VISIBILITY AND ATDRS/GPS TRACKING 

The simultaneous visibility of four or more GPS satellites 
is ensured for GPS users at or near the Earth’s surface as a 
result of the number of GPS satellites forming the GPS 
satellite constellation and each satellite’s broadcast 
coverage of the Earth. The geometry that optimizes GPS 
visibility to near-Earth or Earth-based GPS users, however, 
restricts its visibility to high-altitude space-based users 
desiring instantaneous navigation solutions. 

Figure 6-4 illustrates the effect of the GPS user's altitude 
in terms of GPS satellite visibility. As indicated, each 
GPS provides a nadir pointing beam whose mainlobe possesses 
a beamwidth of +24 degrees. Visibility of four GPS 
satellites by high altitude space-based users is 
consequently not guaranteed: the further removed the GPS 

user is from the surface of the Earth, the less likely it is 
to remain within the +24-degree beamwidth of a given GPS 
satellite. 


Because the GPS beam is nadir-directed, only a small 
percentage of a GPS satellite's mainlobe radiation passes by 
the Earth's limb to the space beyond the Earth. At 
geosynchronous altitude, the radiation that the Earth does 
not intercept is the only direct mainlobe radiation that a 
geosynchronous GPS user receives from a GPS satellite. As 
shown in Figure 6-5, the GPS satellites that illuminate a 
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Figure 6-4. Altitude Limitations on GPS Users 










geosynchronous user such as ATDRS with mainlobe radiation 
reside in an annular region of the GPS orbital sphere. At 
geosynchronous altitude, the probability of a GPS user 
spacecraft being within the mainlobe of four GPS satellites 
simultaneously is approximately 2 percent over a typical 
24-hour period. The low probability of a geosynchronous 
user simultaneously viewing at least four GPS satellites 
thus limits the capability of adequately tracking such a 
user through GPS instantaneous position and time 
determination . 

Pseudorange and pseudorange-rate measurements from a 
geosynchronous user to individual GPS satellites, however, 
can be employed over long tracking intervals to support 
dynamic OD . For this type of direct dynamic tracking, GPS 
measu-rements are collected by the user and batch or filter 
OD processed. Alternatively, pseudorange and 
pseudorange-rate measurements between the geosynchronous 
user, the GPS satellites, and participating ground stations 
can be differenced in various ways to eliminate common 
biases and provide differential measurement types for 
dynamic batch or filter OD processing. 

Accordingly, three distinct methods of dynamic tracking for 
the ATDRSS satellites have been investigated and are treated 
in the remainder of this section: 

• Direct ATDRS/GPS Tracking System 

• Passive Differential ATDRS/GPS Tracking System 

• Direct Differential ATDRS/GPS Tracking System 


6.2 DIRECT ATDRS/GPS TRACKING SYSTEM 

The Direct ATDRS/GPS Tracking System relies on GPS 
pseudorange and pseudorange-rate measurements by an ATDRSS 
onboard GPS receiver in order to support ATDRS OD. The 
large number of GPS satellites and their positions with 
respect to those of the ATDRSS satellites provides longer 
baseline geometries than can be provided by a ground-based 
tracking system, potentially improving the resulting ATDRS 
orbit solution. The signal paths between the low Earth 
orbit GPS satellites and the geosynchronous ATDRSS 
satellites minimize atmospheric effects; therefore, the 
dominant measurement errors are due to clock biases between 
the GPS and ATDRSS system times and uncertainties in the GPS 
ephemerides. The limited visibility of the GPS satellites 
from the ATDRS orbits, however, somewhat restricts the 
utility of the Direct ATDRS/GPS Tracking System. 
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6.2.1 DIRECT ATDRS/GPS TRACKING SYSTEM DEFINITION 

This section provides an overview of the Direct ATDRS/GPS 
Tracking System architecture and operations concept, the 
ATDRSS onboard GPS receiver capabilities, and the GPS 
visibility constraints associated with the system. 

6. 2.1.1 Architecture and Operations Concept 

As shown in Figure 6-6, in the Direct ATDRS/GPS Tracking 
System, ATDRS uses an onboard GPS receiver to make 
pseudorange and pseudorange-rate measurements of the GPS 
satellites. As the measurement model in Figure 6-7 shows, 
the direct ATDRS/GPS tracking measurements are one-way range 
measurements involving only the ATDRS and GPS satellites. 

The GPS satellites to be observed by the ATDRSS onboard GPS 
receiver are chosen on the basis of visibility to ATDRS. 

The schedule of GPS observations may be determined on the 
ground by NASA's FDF and relayed to ATDRS using TT&C command 
from the AGT . Alternatively, the GPS satellite observation 
schedule might be autonomously developed onboard ATDRS on 
the basis of a priori data and information obtained from 
demodulation of the GPS navigation message. Periods when no 
GPS satellites are visible to ATDRS may be supplemented by 
ranging measurements made between ATDRS and the AGT using 
the ATDRS TT&C signal. 

The measurements and associated navigation data for each 
observed GPS satellite are relayed via TT&C telemetry to the 
AGT and forwarded to the FDF. The ATDRSS onboard GPS 
receiver does not perform the determination of instantaneous 
position, velocity, and time, however, because four GPS 
satellites are rarely simultaneously visible from 
geosynchronous altitude; rather, ATDRS relays raw GPS 
pseudorange and pseudorange-rate measurements to the AGT, 
then to the FDF to form a time sequence of GPS measurements 
and navigation data as input to dynamic ATDRS OD 
processing . 

6 . 2 . 1.2 ATDRSS Onboard GPS Receiver Capabilities 

The ATDRSS onboard GPS receiver possesses many of the 
capabilities of the typical GPS receiver discussed in 
Section 6.1.3. The major exception is that the navigation 
processor does not attempt to solve for the ATDRS 
instantaneous position, velocity, and time. dnlike a 
typical GPS receiver, the onboard GPS receiver will forward 
the pseudorange and pseudorange-rate data extracted from the 
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PRIOR TO ATDRS LAUNCH 
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IONOSPHERIC DELAY 
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SIGNAL STRUCTURE 

CHANNEL NOISE 

ATDRSS ONBOARD GPS RECEIVER DESIGN 
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Figure 6-7. Direct ATDRS/GPS Tracking System Measurement 
Model 
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GPS signal to the FDF for input to ATDRS OD processing. The 
receiver's navigation processor, as noted previously, may 
develop the GPS satellite observation schedule autonomously 
or may rely on uploaded data from the AGT and FDF. Command 
inputs to the onboard GPS receiver will be maintained 
through an interface with the ATDRS command processor and 
TT&C commands from the AGT; data outputs from the receiver 
will similarly require interfaces to the ATDRS telemetry 
processor and the TT&C telemetry stream to the AGT. It is 
possible that space-qualified, commercially produced GPS 
receivers designed for low Earth orbit users might be 
modified and adapted for the functions and interfaces 
required for use onboard the ATDRSS satellites. 

In general, the accuracy of pseudorange and pseudorange-rate 
measurements depends on the degree of synchronization 
between the time/frequency standards at the transmitting and 
receiving sides. For most GPS applications, the calculation 
of an instantaneous navigation solution eliminates the 
receiver clock bias from the solution, and the typical GPS 
receiver described in Section 6.1.3 uses a stable crystal 
oscillator of modest capability as its frequency reference. 
However, in the ATDRSS onboard GPS receiver, simultaneous 
measurements to four distinct GPS satellites are not 
available; therefore, an instantaneous solution is not 
obtained and the receiver clock bias is not eliminated. As 
a result, the clock requirements for the ATDRSS onboard GPS 
receiver will be at least as stringent as those for a 
typical sequential GPS receiver.. 

The ATDRSS onboard GPS receiver might use its own frequency 
standard or might be referenced to ATDRS frequency system. 

At this stage in the development of ATDRSS, its frequency 
system has not yet been determined. The most likely options 
are the use of a forward pilot tone generated by the AGT and 
uplinked to ATDRS (as done in the current TDRSS) or the use 
of an onboard independent oscillator. In either case, the 
ATDRS frequency reference would be used by an onboard 
frequency synthesizer to generate the various frequencies 
required, possibly including that needed by the onboard GPS 
receiver . 

As a result of ATDRS altitude and the limited width of the 
GPS beams, the range between ATDRS and those GPS satellites 
in the ATDRS/GPS annular visibility region is greater than 
that for typical ground-based or low Earth orbit GPS users. 
Simple worst-case calculations show that the ATDRS-GPS range 
is approximately 67,530 km, as compared to the worst-case 
ground user-GPS range of approximately 24,750 km. The 
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incremental ATDRS-GPS range represents an additional 8.7-dB 
path loss (for the L2 channel) that must be in some way 
compensated by the ATDRS onboard GPS receiver and antenna 
subsystems . 

GPS measurement performance may be seen as a function of the 
received signal-to-noise ratio (C/NO) and the code and 
carrier tracking loop bandwidths, where the received C/NO 
value is in turn dependent on the GPS transmit EIRP and the 
ATDRS receive G/T. Performance must be considered over the 
range of both ATDRS and GPS look angles, where the worst 
case, as seen from Figure 6-5, would involve a GPS look 
angle of 24 degrees and an ATDRS look angle of 
14.9 degrees. The respective beam patterns and gains of the 
GPS transmit antenna and the ATDRSS onboard GPS receive 
antenna for these look angles play decisive roles in 
determining the C/NO received at ATDRS, especially if a 
nadir-directed fixed ATDRS GPS antenna is employed. 

Typical GPS receivers are designed to operate for C/NO 
values ranging from, say, 32 to 42 dB-Hz for the LI C/A-code 
channel or L2 P-code channel. Previous analysis 
(Reference 6-9) has shown that a C/NO value of 35 dB-Hz may 
be readily obtained at the ATDRS by using high or even 
moderate gain helix antennas with as few as 10 turns. Such 
a fixed antenna would be considerably cheaper than any 
steerable antenna and might also be integrated into the 
existing ATDRS MA array to minimize its impact on the ATDRS 
physical configuration. 

6. 2. 1.3 GPS Visibility Constraints 

Operation of the Direct ATDRS/GPS Tracking System relies on 
direct ATDRS observation of the GPS satellites, requiring 
that line-of-sight visibility between ATDRS and the members 
of the GPS constellation under observation be maintained for 
several minutes. Visibility restrictions due to Earth 
blockage, atmospheric grazing, and the GPS satellites' 
antenna beam patterns limit the line-of— sight opportunities 
between ATDRS and the GPS satellites. 

Visibility of the GPS satellites from ATDRS is primarily 
constrained by the nadir-directed (Earth-center-directed) 
boresights of the GPS antenna beams. As previously 
illustrated in Figure 6-5, the ±24-degree beamwidth of the 
mainlobe restricts the location of those GPS satellites 
visible to ATDRS to the side of the Earth opposite ATDRS. 

As seen from an ATDRS, visible mainlobe radiation from the 
GPS satellites is restricted to a viewing angle of 
29.74 degrees, where the Earth subtends an angle of 
17.34 degrees in the center of this field of view, eclipsing 
the GPS radiation directed toward ATDRS. Only those GPS 
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satellites that fall within the annular region of the GPS 
orbital sphere delimited by the Earth's shadow region and 
the 29.74 viewing angle are visible to ATDRS. 

The ATDRS/GPS annular visibility regions associated with 
ATDRS -E and ATDRS-W are shown as shaded areas in 
Figure 6-8. This figure is a planar projection of the 
entire GPS orbital sphere, similar to a Mercator global 
projection. The GPS orbital sphere is at rest in inertial 
space, and the Earth rotates concentrically within the 
sphere, maintaining alignment between their equatorial 
planes. In the figure, the equator of the GPS orbital 
sphere, marked by the horizontal center line, is coincident 
with the Earth's equatorial plane. The outer edge of each 
annular region is defined by the loss of line-of-sight 
contact with the ATDRS due to the GPS satellite's antenna 
beamwidth; the inner edge of each annular region is defined 
by the line-of-sight blockage due to the Earth, assuming an 
additional 1000 km to account for the Earth's atmosphere. 

The angular spacing between the centroids of the annular 
regions for ATDRS-E and ATDRS-W remains fixed at 
130 degrees, reflecting the longitudinal separation between 
the ATDRSS satellites. 

The ATDRS/GPS annular visibility regions are not fixed on 
the surface of the GPS orbital sphere. Because ATDRS 
maintains a fixed position relative to the rotating Earth, 
each ATDRS and its associated ATDRS/GPS annular visibility 
region are in motion relative to the GPS orbital sphere. 

The ATDRS/GPS annular visibility regions rotate from west to 
east on the surface of the GPS orbital sphere at a rate of 
15 degrees per hour in synchronization with the motion of 
ATDRS on the celestial sphere but 180 degrees out of 
positional phase. The daily period of an annular region on 
the GPS orbital sphere is, thus, 23 hours, 56 minutes and 
4 seconds. This 4-minute difference between the solar day 
and the periodicity of each annular region causes the daily 
starting point of the annular region to drift eastward on 
the orbital sphere by about 1 degree relative to the fixed 
GPS satellite constellation. 

The centroids of the ATDRS/GPS annular visibility regions 
shown in Figure 6-8 are located in the equatorial plane of 
the GPS orbital sphere to represent the mean daily position 
of the annular region. Any inclination in the ATDRS orbit 
causes ATDRS to undergo a daily figure-eight motion as 
viewed from a mean suborbital equatorial point on the 
Earth's surface. Because the centroid of the ATDRS/GPS 
annular visibility region is always directly opposite its 
associated ATDRS, the centroid of the annular region 
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Figure 6 8. ATDRS/GPS Annular Visibility Regions 




consequently traces a sinusoid on the inertial GPS orbital 
sphere with a period of 23 hours, 56 minutes, and 
4 seconds. The angular amplitude of the centroid's 
sinusoidal trace with respect to the equatorial plane is 
equal to the inclination of the ATDRS orbit. 

Figure 6-8 illustrates a typical path of a GPS satellite on 
the surface of the GPS orbital sphete. The GPS orbital 
planes are fixed in inertial space and on the GPS orbital 
sphere. A GPS satellite completes one orbit of the Earth in 
11 hours, 59 minutes, and 57 seconds and two orbits in 
23 hours, 59 minutes, and 54 seconds. This periodicity 
places a GPS satellite at nearly the same location on the 
orbital sphere twice a day, while the ATDRS/GPS annular 
visibility regions, as discussed above, are in relative 
motion. Therefore, a GPS satellite will be within an 
ATDRS/GPS annular visibility region at least once each day 
for most of the year. The daily 1-degree eastward drift of 
the annular visibility regions ensures that the time of 
entry and exit of a GPS satellite to and from an annular 
region is always changing. 

When a GPS satellite enters an ATDRS/GPS annular visibility 
region, the corresponding ATDRS is then able to observe the 
emitted GPS signal. The amount of time that a GPS satellite 
spends in an ATDRS/GPS annular visibility region determines 
the interval of visibility for that satellite by the 
particular ATDRS. The relative motion of the GPS satellites 
and annular visibility regions, which is not indicated fully 
in the figure, lengthens the period during which a GPS 
satellite can remain within an annular region. The distance 
between uniformly spaced tick marks on the GPS orbital path 
shown in Figure 6-8 represents an interval of 1 hour and 
serves as a visual indicator of a GPS satellite's transit 
through the ATDRS/GPS annular visibility regions. The 
maximum interval of time that a GPS satellite spends in an 
annular visibility region can be shown to be several hours, 
whereas the combined motion of the GPS satellites can place 
more than one in a particular annular visibility region at 
any instant. Figure 6-9 shows a typical 10-day ATDRS/GPS 
visibility profile, revealing that occasional periods of 
1 hour or more are possible when no GPS satellites are 
visible from an ATDRS. Time integration of these visibility 
profiles shows that, on average, 1.4 GPS satellites are 
visible from an ATDRS. 

6.2.2 DIRECT ATDRS/GPS TRACKING SYSTEM ASSESSMENT 

The following sections assess the impact on ATDRSS 
development and operations; cost and staffing requirements; 
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Figure 6-9. Representative Primary GPS Satellite Constellation 
Visibility From an ATDRS 



reliability, maintainability, and availability; the 
technological risks associated with the implementation of 
the Direct ATDRS/GPS Tracking System; and the system's 
ATDRSS OD performance. 

6.2.2. 1 Cost and Staffing Requirements 

Because no ground segment stations are required for the 
Direct ATDRS/GPS Tracking System, the costs for this system 
are divided into the system engineering study phase and the 
space segment hardware costs. The systems engineering study 
phase would be required to produce the necessary detailed 
systems specifications, supporting further analysis and the 
development of an engineering model to test system 
performance prior to full-scale system deployment. An 
estimate of the costs of the study phase is $1.5 million. 

The major portion of the hardware costs of the space segment 
is associated with the ATDRS onboard GPS receiver and 
antenna. Although spaceborne GPS receivers have been 
developed to demonstrate the feasibility of autonomous 
spacecraft navigation, production versions are not currently 
available. A cost of $1.0 million is estimated for 
production of a radiation— hardened, space— qualified ATDRSS 
onboard GPS receiver, based on the current costs of a 
prototype receiver and antenna. The space segment costs for 
three ATDRSS satellites, each with a primary and secondary 
onboard GPS receiver, would, therefore, be about 
$6.0 million. 

Additional space segment costs would be associated with the 
interface of the ATDRSS onboard GPS receiver to the ATDRS 
command processor. The costs of developing and implementing 
an ATDRSS GPS command processor executive function and the 
communications software required for the interface to the 
command processor are nonrecurring costs. By contrast, the 
costs of implementing the hardware interface between the GPS 
receiver and the command processor represent a recurring 
expense associated with the installation of each ATDRSS GPS 
receiver. These costs would be a relatively small portion 
of the overall system costs and are estimated to total about 
$0.5 million from development through test and integration. 

A total cost of $8.0 million is estimated for the Direct 
ATDRS/GPS Tracking System, including both the study phase 
and the space segment hardware costs just discussed. The 
estimate does not include the costs of the FDF ATDRS/GPS 
tracking schedule support or the OD data processing aspects 
of this system; these costs have not been considered for any 
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of the systems in this study. Because there are no surface 
stations associated with the Direct ATDRS/GPS Tracking 
System, staffing requirements are restricted to any 
additional manpower needed by the AGT or FDF to support this 
tracking system. Again, these additional costs are 
considered to be outside the scope of this study. 

6 - 2 - 2 - 2 R eliabilitv/Maintainabilitv/Avaiiahi 1 i <-y 

Reliability, maintainability, and availability of the Direct 
ATDRS/GPS Tracking System are beyond the scope of this study 
and should be considered in any future work. Because the 
system depends completely on the ATDRSS onboard GPS 
receiver, however, it is clear that maintainability and 
availability of the system are directly related to 
maintainability and availability of the entire ATDRSS Space 
Segment. In all likelihood, failure of both primary and 
secondary onboard GPS receivers or the TT&C relay of 
ATDRS/GPS data will result in complete failure of the 
tracking system unless the ATDRSS Space Segment includes 
provision for on-orbit repair and replacement. 

6. 2. 2. 3 Technological Risks 

There are no technological risks associated with the Direct 
ATDRS/GPS Tracking system. The only new hardware compo^n^ 
to be introduced into the ATDRSS to support the collection 
of tracking data is the GPS receiver. The technology for 
the implementation of the ATDRS GPS receiver exists in 
current GPS receiver design. 

6. 2. 2. 4 External Dependftnripg 

The Direct ATDRS/GPS Tracking System is dependent on the 
navigation information embodied in the GPS signal As 
discussed previously, GPS users are subject to the 
restrictions of selective availability. During times of 

© mer gency, the accuracy of GPS may be intentionally 
the general GPS user through encryption. Only 
d u f ers W * U then be Provided with the information 7 
necessary to employ the P-code signal with the same level of 

fp^rerl' normally achieved. As a result, the ATDRSS onboard 
receiver will be subject to a loss in range measurement 

avai labi lN ^ benev ® r the GPS Control Segment invokes selective 
availability, unless the ATDRSS onboard GPS receiver has 
been authcTlzed and designed to operate duri™ periods of 
selective availability. ' 
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6. 2. 2. 5 ATDRSS Impacts 


Implementation of the Direct ATDRS/GPS Tracking System 
requires that the ATDRSS space segment include primary and 
secondary onboard GPS receiver and antenna subsystems for 
each ATDRS . Operation of the GPS receiver then requires 
that commands be input and navigation data retrieved from 
the receiver, implying support of an interface between the 
onboard GPS receiver and the ATDRS command processor. 
Receiver initialization commands and GPS satellite selection 
schedules originating in the ground segment and uplinked to 
the ATDRS would be passed to the onboard GPS receiver via 
this interface. Similarly, GPS measurement data derived by 
the onboard GPS receiver would be passed to the ATDRS 
command processor for relay to the ATDRSS ground segment. 

The introduction of this interface imposes additional but 
relatively minor hardware and software requirements on the 
ATDRSS space segment. 

The inclusion of primary and secondary onboard GPS receivers 
and GPS antenna for each ATDRS introduces added weight, 
volume, and power consumption requirements. Quantitative 
estimates of these requirements may be derived from 
comparison with the specifications of a prototype GPS 
spaceborne receiver recently developed for JPL by Motorola. 
Each Motorola Monarch GPS Spaceborne User Receiver weighs 
9 pounds, requires 35 Watts of DC power, and has dimensions 
of 5.5 x 5.5" x 8.0". The GPS antenna, as discussed 
preyio us ly, might be a small helix or possibly a parabolic 
omnidirectional antenna, where the antenna weight is 
unlikely to exceed 5 pounds and the volume depends on the 
antenna type chosen. As a conservative estimate, ATDRS 
support of the onboard GPS receiver imposes additional 
payload requirements of 23 pounds, 0.7 cubic feet, and 70 W 
for each ATDRSS satellite. 


6.2.2. 6 OP Performance 


OD performance of the Direct ATDRS/GPS Tracking System has 
been assessed for the ATDRS-E and ATDRS-W satellites bv 
using ORAN. As for all other systems considered in this 
study, performance has been determined for both 
30-hour tracking arc and a 2-hour trajectory 
The 30-hour arc corresponds to routine 
the 2-hour arc corresponds to the need 
the ATDRS orbit after a maneuver. 


OD 

to 


a nominal 
recovery arc. 
operation, while 
quickly determine 
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ORAN modeling of the direct ATDRS/GPS Tracking System, 
however, has not been completely straightforward due to 
constraints and limitations imposed by the ORAN program. In 
particular, ATDRS-GPS visibility constraints cannot be 
directly modeled with ORAN, nor can the GPS ephemens 
uncertainty be directly specified. Visibility of the GPS 
satellites from ATDRS has been established by off-line 
preprocessing and generation of an ATDRS/GPS observation 
schedule; modeling of the GPS ephemeris uncertainty has been 
accomplished by using a hypothetical ground GPS tracking 
network in ORAN. 

The accuracy of ATDRS OD in the Direct ATDRS/GPS Tracking 
System depends in part upon the accuracy of ATDRSS knowledge 
of the GPS orbits. Specifications for GPS indicate that the 
GPS navigation message provides a GPS ephemeris error of 6 m 
in range and 6 mm/s in range-rate (3 a). ORAN, however, 
does not allow the GPS ephemeris errors to be directly 
specified; instead, the ORAN runs used to model the Direct 
ATDRS/GPS Tracking System have included tracking of the GPS 
satellites in order to establish the nominal GPS ephemeris 
errors. In effect, the operation of the GPS Control. Segment 
has been modeled in ORAN, simulating the tracking of the GPS 
satellites over a 30-hour tracking arc. Six ground GPS 
tracking stations were evenly distributed over the Earth to 
form a hypothetical GPS tracking network, where the stations 
monitored one satellite from each of the six GPS orbital 
planes over the tracking arc. The resultant GPS OD accuracy 
was adjusted by fine turning the bias and noise parameters 
for the hypothetical GPS ground station measurements until 
an average 6 m (3 a) three-dimensional position error was 
obtained over the arc for each of the GPS satellites. The 
ORAN solution for the ATDRS orbit was then decoupled from 
the solution for the GPS orbits by adjusting the weights 
accordingly. 

The ORAN error budget used to model the Direct ATDRS/GPS 
Tracking System is summarized in Table 6-2. The one-way 
pseudorange and pseudorange-rate measurement noise values 
and biases indicated in Table 6-2 assume that the ATDRS 
onboard GPS receiver performs P-code signal processing. The 
ATDRS/GPS pseudorange and pseudorange-rate measurement noise 
values have been derived from consideration of likely GPS 
receiver implementations (Reference 6-9). In particular, it 
is assumed that the ATDRS onboard GPS receiver and antenna 
will allow achievement of a received C/NO value of 
35 dB-Hz. As discussed previously, ATDRS use of a moderate 
or high gain helix antenna as the GPS antenna would be 
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Table 6 2. Direct ATDRS/GPS Tracking System ORAN Error 
Modeling (3-cr Values) 


MEASUREMENT SCHEDULE (OVER 30 HOUR AND 2 HOUR TRACKING ARCS): 

- ATDRS/GPS PSEUDORANGE AND PSEUDORANGE-RATE 

!l*^no/ REMENTS EVERY 30 SECONDS FOR ALL GPS SATELLITES IN THE 
ATDRS/GPS ANNULAR VISIBILITY REGION HE 

GPS SATELLITE TRACKING MEASUREMENTS EVERY 900 SECONDS 
(OVER 30 HOUR TRACKING ARC REGARDLESS OF ATDRS TRACKING 

GPS SATELLITE EPHEMERIS ERROR 

- UNCERTAINTY IN POSITION: 6.0 m 

- UNCERTAINTY IN VELOCITY: 6.0 mm/s 

ATDRS/GPS PSEUDORANGE MEASUREMENTS (PER MEASUREMENT) 

NOISE: 9.0 m 
BIAS: 13.4 m 

ATDRS/GPS PSEUDORANGE-RATE MEASUREMENTS (PER MEASUREMENT) 
NOISE: 10.5 mm/s 
BIAS: 1/5 mm/s 

SOLAR RADIATION: 2 % 

TROPOSPHERIC REFRACTION ERROR: 0 
IONOSPHERIC REFRACTION ERROR: 0 
ATDRS/GPS CLOCK BIAS 


SOLVED-FOR OVER 30 HOUR TRACKING ARC 
10.0 m OVER 2 HOUR TRACKING ARC 




, on „,. p The p-code pseudorange error for a C/NO value of 
3 ^dB-Hz * then mostly depends on the IF bandwidth and noise 
? 5 f nffhP receiver’s delay locked tracking loop. 

Conservatively^assumint^a fairly wide IF bandwidth of 1° Ha 

and a delay locked loop noise bandwidth of 6 Hz impli 
P-code pseudorange error of 4.0 meters (3 a). 

ussis u s.v 

81 meters (3 a) (Reference 6-11). Assuming the worst 
c4se multipath value, the ATDRS/GPS pseudorange measurement 
noise value has been calculated to be 9.0 meters (3a). 

Pseudorange-rate mea ^receivl/ jmpJementaUons and 
ffaasimed ££S\Si.e £ « H-SrtielerenL 6-9). Assuming 
a Doppler averaging time of 1 second and a t° n a® E ^a 

^s^::ti 0C nS;. 1 ;2»rs: bs 

calculated to be 10.5 rnm/s (3 sigma). 

The bias terms for the ATDRS/GPS pseudorange measurements 
arise primarily from the following sources: 

• GPS and ATDRS oscillator drift 

• GPS ephemeris prediction errors . 

• Predictability of GPS satellite perturbations 

• GPS and ATDRS equipment group delay uncertainty 

Values for each of these bias contributors have been 
conservatively derived from the GP S specifioat ions or 
existing analyses (References 6-3, 6-9, and 6-3.0) . Assuming 
an eight-hour interval between GPS uploads; and GPS satell 
oscillator drift of one part in 10 13 as indicated in the 
current GPS specifications, then the 3 a bias contribu i 
due to GPS oscillator drift is 2.6 meters. This bia 
been combined with the ATDRS drift contribution to form a 
total clock bias value in ORAN. Assuming ATDRS GPS receiver 
clock stability of one part in 10 13 , which is comparable 
to assuming that, as in TDRSS, a ground-based cesium 
frequency standard provides the onboard receiver's frequency 
re?«e£« trough a forward pilot tone, then over a 30-hour 
i-rackina arc the drift in the ATDRS clock contributes 
9.7 meters (3 a). The total clock bias has therefore been 
modeled in ORAN as approximately 10.0 meters (3 a) and is 
applied to each GPS satellite. 
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The contribution due to inaccuracies in the GPS satellite 
ephemeris predictions is assumed to be 12.9 meters (3 a); 
the contribution due to predictability of the GPS satellite 
perturbations is 3.0 meters (3 a) ; and the GPS group delay 
uncertainty contributes 1.5 meters (3 a) . Assuming a 
similar ATDRS group delay uncertainty of 1.5 meters (3 a), 
these four contributors have been combined in ORAN to form a 
total bias of 13.4 meters (3 a) on each ATDRS GPS 
pseudorange measurement. 

The sources of bias errors for the pseudorange— rate 
measurements are: 


• GPS and ATDRS oscillator drift 

• GPS ephemeris prediction errors 

• Predictability of GPS satellite perturbations 

GPS oscillator drift is specified to be less than one part 
in lO 1 ^ in the 8-hour interval between uploads, resulting 
in a pseudorange-rate bias of 0.09 mm/sec (3 a). GPS 
ephemeris error similarly yields a pseudorange-rate bias: 
the 12.9 meter bias due to GPS ephemeris prediction 
corresponds to a velocity error of at most 8.6 m/s over 
6 hours (half the GPS orbital period), implying a Doppler 
error of 1.2 mm/sec (3 a). Finally, unpredicted GPS 
s a t el 1 i te pe r tu rba t ions are specified to give an 
acceleration of less than 3 x 10 - 10 mm/sec^, resulting 
in a pseudorange-rate bias of approximately 0.03 mm/sec 
(3 a) over eight hours. The GPS contribution to the 
pseudorange-rate bias may then be calculated to be 
approximately 1.5 mm/sec (3 a) . Assuming ATDRS oscillator 
drift of one part in 1013, the ATDRS contribution to the 
pseudorange-rate bias is 0.09 mm/sec (3 a), and the total 
pseudorange-rate measurement bias is approximately 
1 . 5 mm/sec (3a). 


Tropospheric and ionospheric error sources have been 
considered negligible in the modeling of errors for the 
Direct ATDRS/GPS Tracking System. Tropospheric errors have 
been eliminated by assuming that the ATDRS-to-GPS 
line-of-sight is constrained to be above the Earth’s 
atmosphere. Approximately 0.7 percent of the ATDRS/GPS 
annular visibility region is masked by the troposphere as 
seen from ATDRS, assuming a maximum troposphere height of 
19 km above sea level. Restricting ATDRS GPS measurements 
in this way is therefore negligible in comparison to the 
total visibility afforded by the ATDRS/GPS annular 
visibility region. Ionospheric refraction errors, however. 
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are considered negligible since the ATDRS onboard GPS 
receiver is assumed to use the GPS LI and L2 channels to 
correct the ionospheric delay. Additionally, the ionosphere 
masks only about 9.0 percent of the ATDRS/GPS annular 
visibility region assuming a maximum ionosphere height of 
500 km. 

The remaining error sources used to model to ATDRS/GPS 
Direct Tracking System are attributed to the standard 
sources specified for use by all the systems in this study, 
employing the same error values. Appendix A discusses at 
length the use of ORAN to simulate the OD performance of the 
Direct ATDRS/GPS Tracking System and provides the 
performance results. Ultimately, definitive period 
performance over a 30— hour tracking arc is better than (less 
than) the goal of 75 m (3 a), but performance over a 
2-hour arc does not meet this goal. Table 6-3 shows 
representative results for Direct ATDRS/GPS Tracking System 
OD performance and the ATDRS— E satellite. 

6.3 PASSIVE DIFFERENTIAL ATDRS/GPS TRACKING SYSTEM 

The Passive Differential ATDRS/GPS Tracking System relies on 
ground station pseudorange and pseudorange-rate measurements 
of both GPS and ATDRS signals to form a differential 
measurement for use in ATDRS OD. The ATDRSs and the GPS 
satellites are passive members of the tracking system; that 
is, they only emit ranging signals and do not actively make 
the tracking measurements. Multiple ground stations 
simultaneously observe an ATDRS ranging signal and a 
specific GPS satellite’s signal; the measurements are 
differenced at each station and, on relay to a central 
processing facility, double differenced to remove clock 
biases. This double differential data is then used for 
ATDRS OD. The separation of the ground stations and the 
distribution of the jointly visible GPS satellites enhances 
the geometry for ATDRS tracking. Compared to the Direct 
ATDRS/GPS Tracking System, however, atmospheric effects 
introduce additional errors to the tracking measurements. 

6.3.1 PASSIVE DIFFERENTIAL ATDRS/GPS TRACKING SYSTEM 
DEFINITION 

This section provides an overview of the Passive 
Differential ATDRS/GPS Tracking System architecture and 
operations concept, describes possible options for the ATDRS 
ranging signal, discusses the ATDRSS ground station GPS 
receiver architecture, and outlines various potential 
tracking networks. 
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Table 6 3. Direct ATDRS/GPS Tracking System Performance 



MAXIMUM 30" ATDRS 

-E POSITION ERROR 


OVER THE DEFINITIVE TRACKING ARC (METERS) 


2 HR ARC 

30 HR ARC 

DIRECT ATDRS/GPS 
TRACKING SYSTEM 

208 

58 


7/31/89 MIS83P\AJM4S 
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6. 3. 1.1 Architecture and Op erations Concept 

As Figure 6—10 shows, the Passive Dif f erential .ATDRS/GPS 
Tracking System comprises pairs of ground stations, each 
capable of simultaneously receiving ranging signals from an 
ATDRS and a specific GPS satellite. One ground station, the 
master station, is collocated with the AGT; all station 
pairs, where at least two pairs are needed, are then formed 
using the master station and a remote station. 

The ATDRS ranging signal is assumed to be a user navigation 
beacon to provide the desired broad region of Earth coverage 
without burdening ATDRSS forward user services; the GPS 
satellite, of course, emits the GPS signal. Each ground 
station independently makes simultaneous pseudorange and 
pseudorange-rate measurements with respect to ATDRS and to a 
GPS satellite to form differential measurements; ground 
station data are then relayed via Nascom facilities to the 
master station where the measurements are again 
differenced. This second differencing operation, 
illustrated in Figure 6-11, effectively removes the ATDRS 
and GPS clock biases from the double differential 
pseudorange measurement. A time sequence of double 
differential pseudorange and pseudorange-rate measurements 
is then relayed from the master station to the FDF and used 
as the basis for dynamic ATDRS OD. 

The Passive Differential ATDRS/GPS tracking system ground 
stations are designed to operate automatically with no 
resident staffing. The station executive is programmed to 
diagnose station abnormalities, correct those it can, and 
notify maintenance personnel of those abnormalities that 
cannot be automatically corrected. Station equipment 
failure and periodic maintenance are handled by trained 
personnel who are dispatched to the stations as needed to 
perform routine maintenance and update subsystem calibration 
and station location surveys. 

The master station and the remote stations possess identical 
capabilities and need not be differentiated. To fully 
separate operation of the Passive Differential ATDRS/GPS 
Tracking System from that of ATDRSS and other existing NASA 
facilities for purposes of this initial study, however, here 
the master station additionally 

• Controls the remote stations, issuing GPS and 
ATDRSS satellite observation schedules and 
reconfiguring station capabilities as necessary 
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• ONBOARD RANGING SIGNAL TRANSMITTER 
(ATDRSS USER NAVIGATION BEACON) 
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PASSIVE DIFFERENTIAL RANGE OBSERVATION 


R i * ( P A _/ °) “ (^i “ P \) + OBSERVATION ERRORS 
i = 1, 2, •••N (N = NUMBER OF REMOTE STATIONS) 


SOURCES OF 
OBSERVATION 
ERROR 


GPS EPHEMERIS ERROR 


IONOSPHERIC DELAY 


TROPOSPHERIC DELAY 


STATION POSITION 
UNCERTAINTY 

CHANNEL NOISE 


METHOD OF MITIGATION 


GPS CONTROL SEGMENT PROVIDES UPDATES OF 
EACH SATELLITE EPHEMERIS EVERY 8 HOURS 
IN THE NAVIGATION MESSAGE 

GPS MEASUREMENTS CORRECTED THROUGH GPS 
SIGNAL STRUCTURE, ATDRS MEASUREMENTS 
REQUIRE INDEPENDENT CORRECTION CAPABILITY 
(I.E., SIGNAL STRUCTURE OR USE OF HIGH 
TRANSMIT FREQUENCY) 

METEOROLOGICAL MEASUREMENTS AND DELAY 
MODELING AND/OR WATER VAPOR RADIOMETER 
MEASUREMENTS 

ACCURATE SURVEYS 

ATDRSS GROUND STATION GPS RECEIVER DESIGN- 
ATORS RANGING SIGNAL AND RECEIVER 
CHARACTERISTICS 


Figure 6-11. 


Passive Differential ATDRS/GPS Tracking 
System Measurement Model 
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* V6 ^ • ff ra °^ e sba tion telemetry and forms the 

double differential measurement 

FD^for^TDRS^n 8 dlffer< r ntial measurements to the 
cur ror ATDRS OD processing 

6. 3. 1.2 ATDRS Ranging Signal 

The ATDRS ranging signal required by the Passive 
pseudorange'and'^Dseud 3 Tr3Cking Systsm « » 

the U ^s%%Ts a g n ? ou Pa r^a% a L 9 „%-"VSsTu e ^= SS bS at 

beacon is ideallv suit-Pd f nr +. u - A1U RSS user navigation 

consequence of its support of t ATDRSS ^ user C! be8 ^ USe, 3S 3 
maximum Earth coveraae and i C aT T ? E ? S ^V s ' £t P rovi des 
impact on ATDRSS user services The^h* 00 ^ ln V ou ? ^ with no 

an ATDRSS navigation beacon den^nJ^ 22 ter ^ Stlcs of such 
the atdr^q llp . . depend on the requirements nf 

cne aidrss user community and the atorsc s o£ 

obvious alternatives are nncc^V ATDRSS design. Three 
(Reference 6-7); an S-band PRTS bPa/" s ~band beacon 
Section 4 Of this report; or a Ku!hana' h aS dlsouss e? in 
in Section 3. Althouah the rpt n ? Deacon, as discussed 
correction of the range at 5l, ? ls intrinsically allow 

uncertainties corre???™ ? to ionospheric delay 
measurements of the ATDRS nnS uncertainty for the 
distinction among the three liSy options 18 3 maJ ° r 

au?o^ou%^% ba r„S-r^«°n ^acon win support 

current TDRSS user capabilities- S imal increase in 

navigation processing module Jnd the cu^lni 0 " ° £ 3 
second— gene r a t i on noc**' +- rent 

Doppler extractor unit and extirnf l°uit™ S? U i? ped ” lth a 
as frequency reference in <-hp 2 1 V ltra 7 Stable Oscillator 
ATDRS/GPS Trackina V Passiv e Differential 

of an S-band ATDrI na^gati^^ea^n 1538 ^ 01 ^ 96 mea surements 
biases due to uncertain??^ " beacon will suffer range 

delay, as seen from s^rl^s^t 

S-band navig^tion^eacon^iqh^be ^d^S measurem ent of an 
ionospheric path delay throSah m2d^ UC6d by estimati ng the 
ionospheric modelina ™ £2 ? mod flrng. Data for 

GPS L-band ionospheric correctin^d^ b ^ the collection of 
estimates of th s £ L 1 data to aid in real-time 

ionospheric delay at L-ba^ca^be^bta 87 ‘d Estimates of the 
normal GPS measurement process 33 P3rt ° f the 

statio^locatio^at a^y visi ^ frorn^y " 

variety of pointing angles, 3 
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station-to-ATDESline-o£-si9ht. Averaged over ^™®: o ^ h ® e GPS 

satellites are dls “ lbu ^ d “^?°the c SnItellation is 
the GPS orbital sl ? h ® b ® u * t the GPS satellites are widely 

distributed' over any arouid stations .vie^o^the^ky,^ ^ 

T-bind ionospheric dSl“ estimate. c.n then ^extrapolated 

to Provide the R |'une-of-sight“ thereby significantly 
reducing^the range bias of the S-band beacon pseudorange 
measurements . 

, „ o hand PRTS navigation beacon, as discussed in 

Use of an S-band p RTb 9 users in the same manner as 

Section 4, will support ATDRSS users i ^ wUh pRTS 

an S-band be ^° n qrea ter levels of pseudorange 

receivers, will allow create receivers at the 

precision to be ^ h ^g 6 p; ssive Differential ATDRS/GPS 
ground stations of the Pas: si n signal pat h delay due 

b e resolved, 

fangf bIasL S in n ?L S ^DRS U ranging signal measurements may be 
estimated and effectively eliminated. 

rr \~s navlost ion beacon makes nsqliQi^^-® 

HI ionospheric^dela^as 3 a 1 result of its higher frequency. . 
mitigating the impact of ionospheric range biasei ^development 

of _ a a standard n Ku-band°user a transceTver^at^a^time when NASA 
is being encouraged to reduce its employment of Ku ba 
f requencies . 

6.3.!. 3 p—nve Diffe rential ATpus/BPS Tracking System 
c^rounfl Station Architecture 

Passive^Differential^ATDRS/GP^Tracking System^ Each ground 

qround^station^ar^full^automatedHand 3 require personnel 
nnlv to perform routine scheduled maintenance or to ma e 
repairs when autonomous performance monitoring reports a 
degradation in system health. 

6. 3. 1.3.1 Station Executive 

AS in the AKuRS and PRTS ground stations, the station 
executive is a microcomputer programmed to co £ tr °?; . 

autonomously the operations of the various subsystems that 
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constitute the ground ^®g 10 ^g d s tation P executive responds 
command and telemetry dat ?* . ae nerated throughout the 

initializa^on^functions^t^ystem startup and to invoke 
periodic equipment status reports. 

in the remote stations, the station ®J®^ol V ?o^nds from 

processes observation schedu transmits around station 

the master station and collects and “ansmrts^rou^^ ^ 

measurement an ^ status da b £ bservation sche dules to the 
executive provides the rei J[ . . -pg receivers and collects 
ATDRSS ranging and ground station from 

the^Thf execute p«f??ms tropospheric delay corrections 
for both the ATDRSS ranging and ^“^^uipment ’ s 
receivers, using tne armosp ATDRSS ranging receiver 

^^ire^fi^ pS^IcT!riorUc^n^ D ?he executive 

performs the necessary correction processing prior to 

relaying the measurement data to the master station. 

in the master station, the station executive performs the^ 

s S°^utivS rorthe S m a ast°e?- staUof monitors the 
health and status of- the t^te^stations^comman aouble 

dif f erentia^measurements , and maintains the interface with 
the FDF . 


6 . 3 . 1 . 3. 2 


ATDRSS Ground Station GPS Receiver and Antenna 
Subsystems 


The ATDRSS ground station GPS receiver and a »tenna 
subsystems Jsed by the Passive ^ ££ «*"tial ATDRS/GPS^ 
Tracking System are similar fc ° £ he typica receiver, 

the navigation^processor^subsystem in the ATDRSS 

j e f t An pps receiver does not develop 3n 

ilSir SSSss^ 

s t at ion 1 executive for Correction of 

Because 3 the passive^dif f erentia^systerc^eliminates 

GPS rlceiver clo?k biales through the double differencing of 
GPS and ATDRS ranging measurements, stabi l y o 
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receiver's frequency reference (the station clock) need be 
no better than that of a typical GPS receiver. It is. 
possible that commercial GPS receivers might be modified to 
provide the necessary functions and interfaces required for 
use in the Passive Differential ATDRS/GPS Tracking System 
ground stations. 

6. 3. 1.3. 3 ATDRSS Ranging Signal Receiver and Antenna 
Subsystems 

The ground station's ATDRSS ranging signal receiver must be 
capable of making pseudorange and pseudorange-rate 
measurements of the ATDRS ranging signal. Three distinct 
options are likely for the ranging signal: an S-band 

navigation beacon, an S-band PRTS navigation beacon, or a 
Ku-band navigation beacon. The ground station receiver must 
operate using whichever ATDRS ranging signal is employed, in 
each case extracting pseudorange and pseudorange-rate from 
the beacon. Since the ATDRSS satellites are essentially 
fixed in position, no antenna pointing system is necessary 
if the beamwidth of the antenna is large enough to 
accommodate motion of the ATDRSS satellite after the antenna 
is initially installed. As detailed in Sections 3 and 4, a 
representative antenna size to receive an S-band navigation 
beacon is 1 meter, whereas the aperture for a Ku-band beacon 
is on the order of 10 cm. 

In the case of an S-band navigation beacon, range biases due 
to uncertainties in the ionospheric delay cannot be resolved 
through measurement of the beacon signal. As discussed in 
Section 6. 3. 1.2, however, S-band ionospheric delays along 
the ground station-to-ATDRS signal path may be estimated 
using the L-band ionospheric delays measured by the ground 
station GPS receiver. The station executive, in that case, 
would collect the GPS data, extrapolate to S-band and the 
proper signal path, and correct the ATDRSS ranging signal 
receiver's pseudorange estimates. 

In the case of an S-band PRTS navigation beacon, the ATDRSS 
ranging receiver may use the PRTS signal structure and 
associated signal processing to measure the ionospheric 
delay directly along the ATDRS ranging signal path. In the 
case of a Ku-band navigation beacon, the path delay due to 
the ionosphere is negligible and no special processing is 
necessary. 


6. 3. 1.3. 4 Station Clock Subsystem 

The station clock subsystem provides a frequency standard 
for use as a reference for digital circuit elements in the 
ground station equipment. Station system time is provided 
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by the clock and used in the determination of pseudorange 
and pseudorange-rate for both the ATDRS and GPS 
measurements. Because the measurements will be double 
differenced, the station time bias will be eliminated from 
the measurement type. As a result, a thermally regulated 
high-quality crystal oscillator is sufficient for use as the 
station frequency standard. 

6. 3. 1.3. 5 Atmospheric Monitoring Equipment 

The atmospheric monitoring equipment provides meteorological 
data to the station executive to allow estimation of the 
signal path delays due to the troposphere. Estimates of the 
tropospheric delay are accomplished by the use of 
mathematical models with surface meteorological measurements 
as inputs to the models. Raw atmospheric data may be 
relayed from the remote stations to the master station for 
offsite processing, or corrections to the pseudorange and 
pseudorange-rate measurements may be developed locally. 

6. 3. 1.3. 6 Nascom Interface Equipment 

Nascom interface equipment is used to link the remote ground 
stations of the Passive Differential ATDRS/GPS Tracking 
System with the master station and the master station with 
the FDF . The master station oversees remote ground station 
operations, issuing commands and satellite observation 
schedules and receiving status reports to and from the 
remote stations through Nascom facilities. Remote station 
observations are relayed to the master station through 
Nascom; the measurements are validated and, if appropriate, 
corrected for atmospheric effects; and the double 
differential measurements are formed and relayed to the FDF, 
also via Nascom. In all cases, the data rates Nascom 
supportes are quite low: data rates of 4800 bps or even as 

low as 100 bps could be used, indicating the suitability of 
voice-quality or other limited bandwidth Nascom channels. 

6. 3. 1.4 Passive Differential ATDRS/GPS Tracking System 
Network Options 

The location of the Passive Differential ATDRS/GPS Tracking 
System's ground stations are dependent on 

• Common visibility of the GPS satellites and ATDRS 
from different station sites 

• Geographical, political, and climatic constraints 
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• ATDRS OD performance as a function of the geometry 
of the network with respect to the observed 
satellites 

Figure 4-8 shows the geographical boundaries of the 

ATDRS-E ee ATn?r^ 10n ran 9 in 9 signal footprints from 

ATDRS E, ATDRS-C, and ATDRS-W, assuming use of a naviaation 

beacon as the ATDRS ranging signal. Ground station 

° r a pa f ticular ATDRSS satellite must be located 
within the appropriate footprint. The length of the 

/ ac ^ in ? network baselines are thus constrained by the 

f urther 1 limi ted'h ^ ******* .• si * nal footprints^ then 
ther limited by any geopolitical and climatic constraints 

The system's ATDRS OD accuracy is influenced by the lenqth 
of the baseline between each pair of ground stations used to 

effectiveness of the 'La° Uble measurement? TM 

errectivencss of the measurement in determininq the ATDR<; 

the^pFsItlllitF as® an9u ^“ separation betwlen ATDRS and 
increases as vleM ? a from the ground station, 

increases. This increase in accuracy results from the 

precis 3 ??" loth d sFt i0n in the 9e< “cal d?lut?on o? 

satellite * h n? fcl K nS niUSt observe the same GPS 

satellite, but the number of GPS satellitp* K 

stations decreases as the length o? the blsel^e bltweeS 

n^mbe? Jf^pFs^tSii ■?" °? e hand - lar 9e baselines reduce the 
of GPS satellites in common view of both stations 

GPS satellites n at t a e aiven e t - 0£ obaervatl ° ns with different 
and divjrsitv of nns*?h^ tlme and restricting the number 

large static^ S a slnne“^r?lr?hf g?eateSt t dlg^e e 0 r £ hand - 

SSi 1 ! 2 ® 12 sssrs-issss £ accur acy 

bservation based on the magnitude of the anqular 

displacement between ATDRS and the GPS satpi?ifo 
visibility with th^ h,n „„„ ", b satellite and common 

differentLrmLsurem^nt 9 ° Und Statl ° nS f ° rr " ing the double 
chosen S ?fp?o?iL a shori a “°"- SitES have been 

long baselLes 1 ^t^rt«^F^^rem b ?r^^^As and The 
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selection of a remote station site is influenced by the 
desire to obtain the maximum separation between stations 
bo?i ?at?tude and longitude. Greater ?^e dispersion^ ^ 
reduces the geometric dilution of Precision mas ter 

station 1 ?! SolloSSted with^he^GT at White 'sands, NM, and 
fs thSs visible to all ATDRSS satellites. Using the station 
sites listed in Table 4-3, the same tracking networks for 
ATDRS-W and ATDRS-E as in the PRTS, MPRTS, and AKuRS 

tracking systems have been chosen f ^^^I^H^racking 
this study of the Passive Differential ATDRS/GPS Tracm g 

System. 

6.3.2 PASSIVE DIFFERENTIAL ATDRS/GPS TRACKING SYSTEM 
ASSESSMENT 

The following sections assess the impact on ATDRSS 
development !nd operations; cost and staffing requirements, 
reliability, maintainability, and availability, t 
technological risks associated with the implementation of 
the Passive Differential ATDRS/GPS Tracking System; and the 
system's ATDRSS OD performance. 

6. 3. 2.1 Cost and Staffing Requirements 

The ground station architecture of the Pass ^® 
atdrs/GPS Tracking System is directly comparable t 
PR?S? the major differences between the two packing systems 
are the station clock, the transmitter, and the GPS receiver 
subsystems. The clock subsystems in the PR JS ground 
stations use a cesium frequency standard, whereas the 
passive differential system ground station clocks use 
thermally controlled crystal oscillator. The PRTS 
transmitter subsystems are required for network clock 
synchronization and are not present m the Passive 
differential ground station. Furthermore, the PRTS g 
station does not require a GPS receiver subsystem. 

Noting the differences and similarities between the PRTS and 
Passive Differential ATDRS/GPS Tracking System ground 
station architectures, it is possible to establish a cost 
for the Passive Differential ATDRS/GPS Tracking System by 
adjusting the PRTS baseline life-cycle cost, as detailed 
ADDendix D. The replacement of the PRTS ground station 
cesium frequency standard with a crystal oscillator in the 
passive differential ground station reduces the system 
costs. Costs are further reduced by the absence of an ATDRS 
transmitter subsystem in the Passive Differential ATDRS/GPS 
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Tracking System. The only added in cost to the PRTS 
baseline is the GPS receiver and antenna subsystem. Taking 
all of these adjustments into account provides a baseline 
life-cycle cost estimate of $23.3 million for thePassive 
Differential ATDRS/GPS Tracking System. This estimate 
includes $6.1 million for operations and maintenance over a 
10-year period. 

As described in Section 6.3.1, one of three types of ATDRS 
navigation beacons — the S-band, the Ku— band, .or the PRTS 
S— band beacon — may be used as the ATDRS ranging signal. The 
architecture of the master and remote stations would have to 
be somewhat different to accommodate any particular one of 
these signal types; use of the PRTS beacon would probably 
have marginally higher costs than the others because of the 
additional development required. For all three options, 
however, the receiver subsystem technologies are similar. 

The cost estimates presented here assume use of the PRTS 
beacon ATDRS ranging signal. 

These cost estimates assume that complete system 
specifications (as opposed to the conceptual design 
presented here) have been developed and would be available 
at the start of the design and development cycle. It is 
estimated that an additional $2.5 million study phase would 
be required to produce such system specifications, 
supporting further analysis and the development of an 
engineering model for field testing. Results from the field 
tests would be used to complete the specifications for 
implementing the operational Passive Differential ATDRS/GPS 
Tracking System. 

Staffing requirements for the passive differential tracking 
system are restricted to operations, maintenance, and repair 
of the ground facilities. It has been estimated in 
Section 4.2.2 that a seven-member staff would be required to 
perform these functions for PRTS over 10-year period. Based 
on the similarities between PRTS and the passive 
differential tracking system, it is assumed that the same 
size staff would be required for both systems. Staffing 
costs for the 10-year period are included in the 
$6.1 million operations estimate previously cited. 

6. 3. 2. 2 Reliabilitv/Maintainabilitv/Avai lability 

Reliability, maintainability, and availability of the 
Passive Differential ATDRS/GPS Tracking System are beyond 
the scope of this report but should be considered as part of 
future efforts. 
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6. 3. 2. 3 Technological Risks 


The technology to be used in the Passive Differential 
ATDRS/GPS Tracking System requires a GPS receiver and 
antenna in addition to hardware and software similar to that 
described in the PRTS remote station subsystem discussed in 
Section 4. The technology for the GPS receiver has been 
operational for nearly a decade and presents no 
implementation risks for the Passive Differential ATDRS/GPS 
Tracking System. The hardware and software required for 
making the ATDRS pseudorange and pseudorange— rate 
measurements depend on which ranging signal option is 
chosen, but the technological risks are minimal. The 
technological risks associated with use of the PRTS beacon 
are the greatest of the three options and are discussed in 
Section 4.2.4. In general, the Passive Differential 
ATDRS/GPS Tracking System involves no new technology and 
could be implemented with currently available, off-the-shelf 
components. 


6 . 3 . 2. 4 


External Dependencies 


As in any GPS-based tracking system, performance is 

° n any elements of GPS fail, performance 

of the ATDRS/GPS tracking systems will be affected 
Deliberate degradation of GPS capabilities through selective 
availability will also affect ATDRS/GPS tracking system 
performance, unless the ATDRSS GPS receivers have been 
authorized and designed to operate during selective 
availability periods. 

The Passive Differential ATDRS/GPS Tracking System relies on 
Nascom facilities to relay commands and measurements between 
the remote and master stations and between the master 
station and the FDF . The use of dedicated lines is assumed 
to ensure 24-hour communications support; redundancy may 
also be desired. 


6-3.2. 5 ATDRSS Imparts 

™~ P ?u SiVe - D ^ fferential ATDR S/GPS Tracking System depends 
upon the existence of an ATDRS-emitted navigation beacon for 
its operation. Any one-way navigation beacon supporting 

W t 11 suppo f t the Passive differential system 
with no additional ATDRSS impacts. As discussed, three 
beacon options are likely for use with the passive 

Q_Kf e J ent i^ ® yste ® : an S-band single channel beacon, an 

S band multichannel PRTS beacon, or a Ku-band single channel 
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In general, the implementation of a navigation beacon 
affects ATDRSS in the following ways: 

• Bandwidth and frequency allocations for the beacon 
and its uplink to the ATDRSS satellites 

• Transmit EIRP, as supported by an ATDRS beacon 
antenna and high-power amplifier 

• Delay calibration as needed to reduce epoch 
uncertainties 

• Ground segment support to provide beacon generation 
and uplink to the ATDRSS satellite 

These issues have been discussed at length in Sections 3 and 
4 of this report for the AKuRS and PRTS navigation beacons. 
The reliance of the Passive Differential ATDRS/GPS Tracking 
System on an ATDRS navigation beacon in no way affects the 
beacon itself and results in no other ATDRSS impacts. 

6.3.2. 6 OP Performance 

The OD performance of the Passive Differential ATDRS/GPS 
Tracking System has not been assessed using ORAN due to 
incompleteness of the existing software and the current 
inability to modify ORAN with the NASA computer facilities. 
This situation is regrettable, since the Passive 
Differential ATDRS/GPS Tracking System promises the 
potential of OD performance superior to that of the Direct 
ATDRS/GPS Tracking System. Despite the absence of ORAN 
results, an ORAN error budget has been developed here in the 
event that future work will attempt to assess the 
performance of this system. 

The error budget used with ORAN in modeling the Passive 
Differential ATDRS/GPS Tracking System is provided in 
Table 6-4. Since the passive differential tracking system 
is modeled as shown in Figure 6-11, measurement errors are 
given in Table 6-4 for both the ATDRS-to-ground station and 
the GPS satellite-to-ground station signal paths. 

Measurement errors common to both the ATDRS and GPS 
measurements are also presented. 

As discussed in Section 6. 3. 1.3. 3, the ATDRS ranging signal 
may be implemented as one of the following: a generic 

S— band navigation beacon, a PRTS S— band beacon, or a Ku— band 
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beacon. Table 6-4 consequently indicates three cases for 
the range and range-rate noise values corresponding to each 
case. Since the ground station ATDRS and GPS measurements 
are double differenced to form the passive differential 
measurement type, the pseudorange-rate and clock measurement 
biases associated with each signal type will be effectively 
eliminated . 

The ionospheric refraction error associated with the ATDRS 
measurements depends on the type of beacon being observed. 

A generic S-band beacon suffers 100 percent of the 
uncertainty due to the ionospheric delay, while the PRTS 
signal structure allows estimation and the effective 
elimination of the ionospheric delay uncertainty. No such 
capability is provided by the Ku-band beacon, but the high 
frequency results in a relatively insignificant ionospheric 
delay. 

The ATDRS PRTS S-band, S-band, and Ku-band pseudorange and 
pseudorange-rate measurement noise values given in Table 6-4 
are derived from the PRTS, MPRTS, and AKuRS values, where 
those values are discussed at length in Appendix C. The 
PRTS S-band noise measurement values are taken from the 
one-way PRTS ORAN noise values listed in Table 4-4 without 
modification; to apply the MPRTS and AKuRS values, however, 
those two-way range and range-rate values must be multiplied 
by two to model the ground station's one-way measurements 
and adhere to the conventions adopted in this study. 

Modeling of the ground station GPS measurements is exactly 
the same as for the Direct ATDRS/GPS Tracking System. The 
pseudorange and pseudorange-rate measurement noise values 
for the GPS satellite-to-ground P-code signals are thus the 
same, although the double-differencing implicit in the 
passive differential measurement process ultimately 
eliminates the GPS measurement biases. The uncertainty in 
knowledge of the GPS satellite positions is handled as in 
the Direct ATDRS/GPS Tracking System; i.e., through use of 
an imaginary GPS satellite tracking network whose 
measurements are weighted to be separate from those of the 
ATDRS tracking network. Finally, because the GPS signal 
structure allows estimation of the ionospheric delay, the 
ionospheric refraction error for the ground station GPS 
measurements has been set equal to zero. 

The remaining contributors to the Passive Differential 
ATDRS/GPS Tracking System ORAN error budget are those common 
to both the ATDRS and GPS measurements, which have been 
assigned the standard values used throughout this study. 

The ground station network can then be chosen as desired, 
only constrained by the requirement for joint visibility to 
the ATDRS and GPS satellites. 
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Table 6-4. 


Passive Differential ATDRS/GPS Tracking 
System ORAN Error Modeling (3-a Values) 


STATION 

LOCATION 

ATDRS/GPS 

ANNULAR 

VISIBILITY 

REGION 

PROBABILITY 

(%) 

GUAM 

ATDRS-E 

43 

WAKE 

ATDRS-E 

41 

ISLAND 



AMERICAN 

ATDRS-E 

37 

SAMOA 



HAWAII 

ATDRS-E 

7 

PUERTO RICO 

ATDRS-W 

2 

MERRITT 

ATDRS-W 

<1 

ISLAND, FL 
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6 * 4 DIRECT DIFFERENTIAL ATDRS/GPS TRACKING SVSTFM 


The Direct Differential ATDRS/GPS Tracking System relies on 
GPS measurements made both by the ATDRSS satellites and by a 
network of ground stations. Simultaneous pseudorange and 
pseudorange-rate measurements to two GPS satellites by ATDRS 
and the ground stations are differenced, relayed to a 
central processing facility, and then double differenced to 
form the measurement used in ATDRS OD processing The 
Direct Differential ATDRS/GPS Tracking System thus combines 
aspects of the direct system in that the ATDRSS satellites 
directly measure their range to the GPS satellites, and the 
passive differential system, because the GPS measurements 
are double differenced for ATDRS tracking and ground 
stations are required. As has been noted for the passive 
differential tracking system, differential measurements 
allow the elimination of the effect of clock biases 
Geographical visibility restrictions and inherent 
limitations in the measurement process, however, 
significantly reduce the suitability of this tracking system 


6.4.1 DIRECT DIFFERENTIAL ATDRS/GPS TRACKING SYSTEM 
DEFINITION 

This section provides an overview of the Direct Differential 
ATDRS/GPS Tracking System architecture, operations coJIepJ 
and tracking network options. 

6 - 4 - 1 - 1 Arc hitecture and Operations Cnnrppi- 

The Direct Differential ATDRS/GPS Tracking System is an 

^ h ® Dl f e ?‘ ATDRS/GPS Tracking System discussed 
in Section 6.2 to yield differential measurements and 

™ vi% T >l e ~ OVe J 10C * b i ases : ^ the Direct Differential 

ATDRS/GPS Tracking System, illustrated in Figure 6-13, two 
satellites are simultaneously observed by the ATDRS 
using an onboard GPS receiver to provide pseudorange and 
pseudorange-rate measurements. The ATDRS GPS measurements 
are relayed to the AGT and then to the FDF. Simultaneously 
a ground station equipped with a GPS receiver observes the' 

are e reTL^^ Sa ^ n i^ S ' and the ground Nation measurements 
ATnR^ anJ CDC° the FDF * Double differencing of the two 
aidrs and GPS measurements is performed at the FDF to 

COn ^V he direct differential measurement type for use 
m ATDRS dynamic OD processing, as shown in Figure 6-14. 

?h^ A H DR8S -£ n 5°! rd GPS receiver us ed here is the same as 
that described for the Direct ATDRS/GPS Tracking System. 

Ill 1 *’ thS gr ?^ nd stations and the ATDRSS ground station 
GPS receiver are identical to those described for the 
Passive Differential ATDRS/GPS Tracking System. 
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direct differential range observation 


AR, - (P M -P n ) - + 0BSERVM10N ERR0RS 

i - 1, 2. .. N (NUMBER OF REMOTE STATIONS) 


SOURCES OF 
OBSERVATION 
ERROR 


GPS EPHEMERIS ERROR 


IONOSPHERIC DELAY 


TROPOSPHERIC DELAY 


STATION POSITION 
UNCERTAINTY 

CHANNEL NOISE 


METHOD OF MITIGATION 


GPS CONTROL SEGMENT PROVIDES UPDATES OF EACH 
SATEUJTE EPHEMERIS EVERY 8 HOURS IN THE 
NAVIGATION MESSAGE 

r pc measurements corrected THROUGH GPS 

sfcNAL STRUCTURE; ATDRS MEASUREMENTS INCUR 
MINIMAL ERROR DUE TO UMITED '° N ° SRH 5p R s C 
SIGNAL PATH AND ARE CORRECTED VIA GPS 
SIGNAL STRUCTURE 

GPS MEASUREMENTS corrected via meteorological 
MEASUREMENTS AND DELAY MODELING AND/OR 
WATER VAPOR RADIOMETER MEASUREMENTS; 

Krements incur minimal error due to I 

UMITED TROPOSPHERIC SIGNAL PATH 
ACCURATE SURVEYS 


ATDRS ONBOARD AND REMOTE STATION 
GPS RECEIVER DESIGN 


Figure 6-14. Direct Differential ATDRS/GPS Tracking 
System Measurement Model 
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GPS SATELLITES VISIBLE TO ATDRS ARE IN 





6 * 4 * 1 * 2 Jo int ATDRS/Ground Station GPS Visib ility 
Constraints 

In order to provide the required simultaneous GPS 
observation capabilities, the ground stations must be 
located so that all or part of the ATDRS/GPS annular 
visibiiity region for that particular ATDRS is also visible 
o the ground stations. As Figure 6-15 shows, the optimum 
position for a ground station is directly opposite that of 

frL AT ^ S S S b ??^ llite P ° intS ' that is ' shifted 180 degrees 
^ 17 iv,? nd 41 degrees west longitude. At these points on 
the E arth s surface, the respective ATDRS/GPS annular 
visibiiity regions are directly overhead, concentric about 
the locai zenith. The optimum direct differential ground 
station sites for the ATDRS-E and ATDRS-W ground stations 
are on the equator at 139 and 9 degrees east longitude 
respectively. 

Moving away from the optimum station location along any 
9 - e -J.? 1 ! Cle c ? uses the centroid of the ATDRS/GPS annular 
te ?l° n to undergo an angular displacement from 
the local zenith. A movement of 27.5 degrees along a great 
circle causes a point on the outer edge of the annular 
region to come m contact with the 10-degree local horizon 

f ' Great CirCle angular displacements greater 
d?g f? es cause the annular region to be partially 

EUS * ?£H P ? ed . by the local horizon elevation mask. 

s ?° £ visibility is partial until the angular displacement 
on the great circle is 105.6 degrees or more, when the 

horizon ty regi ° n iS t0tally eclipsed by the local 

B ecause the complete ATDRS/GPS annular visibility region is 
visible to ground stations within a 27 . 5 -degree angular 
displacement along a great circle from the optimuni position 
a zone of total visibility in the shape of a spherical can 

satisfvin^thi^ of al f station location points 

tblS condition. Simultaneous visibility of GPS 
satellite pairs by a ground station and a particular ATDRS 
xs ensured provided the station is located in ?he zone of 

total 3 !}ES? corresponding to that ATDRS. This zone of 
^ tal 4 _u 1Slbl ^ lty e ? fcends radially on the Earth's surface 
from the optimum direct differential ground station site for 
a distance of 3058 km in all directions. scatl0n Slte for 

Outside the zone of total visibility, a ground station can 
rPoL° nly a a portlon of the ATDRS/GPS annular visibility 
rpq conseg V ei ? ce ' the Probability that at least two 

i es are visible to the ground station and ATDRS 
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decreases as the station site moves farther away from the 
zone of total visibility. Ultimately, station sites near 
the ATDRS subsatellite point are unable to see the ATDRS/GPS 
visibility region and, thus, may not be used in the Direct 
Differential ATDRS/GPS Tracking System. Figure 6-15 shows 
three distinct Direct Differential ATDRS/GPS Tracking 
visibility zones: a zone of total visibility, a 

partial visibility, and a zone of no visibility, 
of Figures 6—16 and 6—17 show these visibility 
ATDRS— E and ATDRS-W, respectively. 


System 

of 


zone 

The maps 
zones for 


Figures 6 16 and 6-17 reveal that a limited range of station 
locations within CONUS provide the visibility required for 
the Direct Diff erential ATDRS/GPS Tracking System. Station 
nmS^« 10nS are further limited if they are to support both 
rnSr R T Q~ E an ? AT ^ RS_W * Moreover, station locations within 
CONUS are in the ATDRS-E and ATDRS-W partial visibility 
zones bordering the zones of no visibility. Thus implies 
that most of the ATDRS-E and ATDRS-W GPS annular visibility 
regions are well below the local horizon for CONUS-based 

?™2™e atl0n 7- Because onl y a small section of the 
ATDRS/GPS annular region is visible from CONUS-based ground 

Ifr S \- he i Pr0babllit ^ of a C0N US-based ground station 
f ?, ? ar *' 1 ? u ^ ar ATDRS simultaneously viewing two GPS 
satellites is negligible. Therefore, CONUS-based ground 
stations for the Direct Differential ATDRS/GPS Trackinq 
System are not considered feasible. 

As just noted, the best locations for the Direct 
Differentrai ATDRS/GPS Tracking System ground stations are 

ATDRq-w the -rf° neS °5 total visibility for ATDRS-E and 
. . ' ground station sites are further limited to 

and r 6-l7 m!! rr h t0rie ^\ the visibilit y maps of Figures 6-16 
and 6 17 may be used to select possible station sites Fnr 

example, GWM is within the total visibility zone for ATDRS E 

l?DRs a E e zo^ a o?' f" a . Mia " a r island are lasted in ?he 

ATDRS e zone of partial visibility. No American 

• however ' lie within the zone of total 

visibility for ATDRS-W. Station locations in Puerto Rico 
are within the ATDRS-W zone of partial visibility, but 

therA S * of . the ^stance from the zone of total visibility, 
there are few observation opportunities. y 

The conditions for making direct differential measurements 

observations of ?h° RS 3m \. a ground station make simultaneous 
observations of the same two GPS satellites. At least two 

visihl l mUS ^ bS u 11 the portion of th e ATDRS/GPS annular 

hpfnrp region that is visible to the ground station 

before they can be simultaneously observed by both the ATDRS 
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and the ground station. Table 6-5 shows the probability of 
this simultaneity event occurring for potential CONUS and 
American territory ground station sites for the ATDRS-E and 
ATDRS-W ATDRS/GPS annular visibility regions. GWM lies 
within the zone of total visibility for the ATDRS-E/GPS 
annular visibility region and for 43 percent of the time is 
capable of observing two or more GPS satellites 
simultaneously with ATDRS-W' s observation of those 
satellites. The remaining station locations associated with 
ATDRS-E, however, are outside the zone of total visibility 
and are only capable of observing two GPS satellites 
simultaneously with the ATDRS-E for 41 percent of the time 
or less. Puerto Rico is in the zone of partial visibility 
for ATDRS-W and represents the closest US territory to the 
zone of total visibility. This location, however, is 
capable of observing two or more GPS satellites 
simultaneously with the ATDRS-W for only 2 percent of the 
time. A CONUS-based site such as MIL is the next nearest to 
the zone of total visibility, but this location (and any 
other CONUS-based site) can observe two GPS satellites 
simultaneously with the ATDRS-W for less than 1 percent of 
the time. 

6.4.2 DIRECT DIFFERENTIAL ATDRS/GPS TRACKING SYSTEM 
ASSESSMENT 

The Direct Differential ATDRS/GPS Tracking System has 
inherent weaknesses due to the limited availability of 
observations when the ground stations are constrained to US 
soil or its territories. Suitable station location sites 
for the ATDRS-W tracking system are especially lacking. The 
following sections discuss the tracking network limitations 
and the impact of reduced visibility in general on OD 
performance for this tracking system. 

6. 4. 2.1 Tracking Network Limitations 

The CONUS and territorial station location constraints 
discussed in Section 6. 4. 1.2. 3 form the most significant 
limitations for direct differential tracking of ATDRS . No 
CONUS-based ground stations meet the optimum visibility 
requirements for an ATDRS-E or ATDRS-W Direct Differential 
ATDRS/GPS Tracking System. Alternatively, ground stations 
might be located on American territory outside CONUS. 

Station locations for ATDRS-E are ideally located in the 
western Pacific, possibly using stations located in GWM, 

AMS, or the Micronesian Islands to provide optimum to 
near-optimum visibility. Ideal ground station locations on 
American territory for ATDRS-W, however, do not exist. 
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Table 6-5. 


Probability of a Ground Station Observing 
Least Two GPS Satellites Simultaneously in 
ATDRS/GPS Annular Visibility Region 


at 

an 


STATION 

LOCATION 

ATDRS/GPS 

ANNULAR 

VISIBILITY 

REGION 

PROBABILITY 

(%) 

GUAM 

ATDRS-E 

43 

WAKE 

ISLAND 

ATDRS-E 

41 

AMERICAN 

SAMOA 

ATDRS-E 

37 

HAWAII 

ATDRS-E 

7 

PUERTO RICO 

ATDRS-W 

2 

MERRITT 
ISLAND, FL 

ATDRS-W 

<1 
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Although limited partial joint ATDRS/GPS visibility is 
Dossible from Puerto Rico and the eastern portion of the 
Spates, the frequency of dual “^htrngs from 

stations within these regions is small enough to make 
these ground stations impractical. 

6 . 4 . 2. 2 nirprh Differential ATDRS OP Performan ce 

The previous discussion on the geometrical constraints of 
tSe station location points out the llm ^ed visibility 
oDDortunities for this particular type of ATDRS/GPS tracking 
system. At best, GPS satellite pairs are °£servable in the 
total visibility region only 43 percent of the time, 
smaller the GPS satellite observation time by the space and 
ground elements of the direct tracking system, 

the greater the overall error in the results of the OD 
process. Independent research (Reference 6-8) has shown 
that direct differential GPS tracking systems are best 
suited for satellites with altitudes between 6,000 and 
10,000 km. Above 10,000 km, the visibility limitations are 

severe enough to drive the errors in the 00 ,?^°^®^tial GPS 
relatively high levels compared to passive differential G 

tracking systems discussed in Section 6.3. At 
geosynchronous altitude, the direct differential OD errors 
can reach an order of magnitude more than those obtained by 
nassive differential GPS tracking systems due to the 
visibility constraints placed on the observation process. 

6. 4. 2. 3 Conclusion 

The tracking network limitations due to visibility and the 
corresponding impact on ATDRS OD as discussed here are seen 
as significant cause to rule out further consideration o 
the Direct Differential ATDRS/GPS Tracking System. 
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SECTION 7 - SYSTEM COMPARISONS 


This section is intended to be a summary of the evaluations 
of ATDRS tracking alternatives that were presented in more 
detail in the previous sections. We divide the tracking 
systems into two general types: ranging and 

interferometric. Slant range and often range-rate between a 
ground tracking station and the ATDRS are the observables 
used by the ranging systems. Interferometry systems use a 
range difference from two ground stations as its 
observable. Key elements of these systems are reviewed in 
the following, including staffing, impacts on other elements 
of the ATDRS (present or planned) and its operations, and 
technological risks. The ATDRS tracking systems considered 
are : 


• Ranging systems 

Two-way systems 

Bilateration Ranging Transponder System 
(BRTS) 

ATDRS Ku-Band Ranging System (AKuRS) 

Modified Precise Ranging and Timing 
System (MPRTS) 

One-way system 

Precise Ranging and Timing System (PRTS) 

Global Positioning System (GPS) based 

Direct ATDRS/GPS Tracking System (GPS-D) 

Passive Differential ATDRS/GPS Tracking 
System (GPS-PD) 

Direct Differential ATDRS/GPS Tracking 
System (GPS-DD) 

• Interferometric systems 

Quasar calibrated 

Quasar-calibrated connected element 
interferometry (CEI-Q) 
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Quasar-calibrated very long baseline 
interferometry (VLBI-Q) 

Multiple ATDRS calibrated 

Two-satellite VLBI (VLBI-2S) 
Three-satellite VLBI (VLBI-3S) 

Ku-band beacon VLBI (VLBI-Ku) 

GPS calibrated 

GPS Time Transfer Calibrated VLBI 
(VLBI-GT) 

Coded GPS Calibrated VLBI (VLBI-GC) 
Hybrid GPS Calibrated VLBI (VLBI-GH) 
7.1 KEY SYSTEM ELEMENTS 

The key elements for the ranging systems are as follows: 
• BRTS 


One central site and one remote site for each 
ATDRS 

Currently the operational system used for 
tracking TDRS with remote stations at AUS and 
ACN 

Scheduled S-band two-way range and range-rate 

Remote sites use transponders with crystal 
oscillators 


• AKuRS 

Same as BRTS, except: 

Unscheduled Ku-band beacon and dedicated 
return channel are used 

Ku-band rather than S-band is used, thus 
minimizing ionosphere effects 

For each ATDRS there are one central and two 
remote stations 
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There are three network options: CONUS, 

intermediate baseline (i.e., one offshore 
site), and long baseline (i.e., global) 


• PRTS 

- S-band navigation beacon for user and ATDRS 
navigation with PRTS signal structure 

One-way pseudorange and pseudorange-rate 
measurements using 1-meter antennas 

PRTS signal structure processing at remote 
sites corrects for ionospheric effects 

For each ATDRS there are one central and two 
remote stations, each using cesium beam clocks 

- Three network options: CONUS, intermediate 
baseline (i.e., one offshore site), and long 
baseline (i.e., global). 

Low data rate return communications via ATDRSS 
scheduled or dedicated channel for network 
synchronization 

• MPRTS 

Same as PRTS, except: 

Two-way rather than one-way measurements 
are used with no remote timekeeping 

• GPS-D 


Onboard GPS receiver observes coded GPS 
ranging signal to obtain pseudorange and 
pseudorange-rate 


Limited visibility of GPS satellites (when 
within GPS transmitter footprint and not 
blocked by the Earth) 


Has advantages 
no atmospheric 


of long baselines and little or 
errors 
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GPS-PD 


Simultaneous pseudorange and pseudorange-rate 
measurements of the ATDRS and all visible GPS 
satellites are taken at Master Station and two 
Remote Stations 

- Pseudorange to ATDRS is measured using 
navigation beacon signal (PRTS, S-band, or 
Ku-band signal) 

Pseudoranges to the ATDRS and to a single GPS 
satellite are differenced at each station to 
remove station clock errors 

The Master Station range difference is again 
differenced with each Remote Station range 
difference to provide input for OD solution at 
the FDF 

• GPS-DD 

Simultaneous pseudorange and pseudorange-rate 
measurements of two GPS satellites are taken 
by GPS receivers at the Master Station, two 
Remote Stations, and the ATDRS 

- GPS pseudorange and pseudorange-rate 
differences are computed at each receiver and 
transmitted to the FDF for orbit determination 

Differencing technique eliminates clock bias 
errors 

The key elements for the interferometric systems are as 
follows : 

• CEI-Q 


Separate CONUS networks comprising three 
stations for each ATDRS 

Ku-band SGL is passively observed but not 
interpreted using 2-meter antennas 

Quasar signals are observed for cesium clock 
calibration using 12-meter antennas at each 
station 
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Cross-correlation processing onsite allows low 
data rate transfer requirements to AGT 

• VLBI-Q 

Three CONUS-based stations tracking each of 
ATDRS-E and ATDRS-W within each SGL footprint 
with two stations in common 

Ku-band SGL is passively observed but not 
decoded using 2-meter antennas 

Quasar signals are observed for hydrogen maser 
clock and atmosphere calibration using 
12-meter antennas at each station 

High data rate transfer to support centralized 
cross-correlation processing 

• VLBI-2S 

Same as VLBI-Q except 

- Observation of some other Ku— band transmitting 
satellite (e.g., ATDRS-C) rather than quasar 
for calibration of station clocks 

Moderate data rate transfer to support 
centralized cross-correlation processing 

• VLBI-3S 

Same as VLBI-2S except 

All three satellite orbits are determined in a 
single solution 

• VLBI-Ku 

Same as VLBI-2S except 

A hypothetical Ku-band beacon of sufficient 
bandwidth is observed by a set of three 
stations that have baselines longer than for 
VLBI-2S 
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VLBI-GT 


Same as VLBI-2S except 

Time synchronization among the stations is 
achieved by time transfer from the GPS 
satellite constellation 

- Second satellite is not observed 

• VLBI-GH 

VLB I observation of ATDRS-E and ATDRS-W is the 
same as for VLBI-2S 

Interferometric phase tracking of full 24 
satellite GPS constellation provides data for 
calibration of clocks and atmosphere 

Initial phase ambiguity is set by group delay 
measurement 

• VLBI-GC 

VLB I observation of ATDRS-E and ATDRS-W is the 
same as for VLBI-2S 

GPS 24 satellite constellation is tracked 
using range differences, provides data for 
calibration of clocks and atmosphere measured 
from decoding of GPS broadcast ranging signals 

7.2 OVERVIEW OF ERROR ANALYSIS TECHNIQUE 

The orbit analysis (ORAN) computer program was used to 
evaluate the orbit determination and trajectory recovery 
performance of the proposed ATDRS tracking systems discussed 
in this study. Figure 7-1 illustrates this process. The 
tracking configuration, spacecraft epoch, orbit state, error 
sources, and solution type are prepared in ORAN input 
format. Each scenario uses a unique ORAN computer run that 
simulates the tracking system measurements and computes the 
errors in orbit state and other relevant parameters that 
would result if the ATDRS were actually tracked and its 
orbit determined. The results (in abbreviated form) are 
presented later in this chapter and in more complete detail 
in Appendix A. 
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Figure 7-1. OD Performance for the Proposed ATDRSS Ranging Systems 





The actual values used for the errors in the ORAN 
simulations are displayed in Tables 7-1 through 7-3. Errors 
that were common throughout the study for all tracking 
systems are shown in Table 7-1. Those errors that were 
specific to individual tracking systems are found in 
Table 7-2, except for clock errors, which are displayed in 
Table 7-3. 


7.3 ATDRS TRACKING SCENARIOS 

The positions of orbiting satellites are inferred from 
measurements such as range, range-rate, or angles. In the 
ideal world of perfectly accurate measurements, a very few 
measurements would be sufficient to determine an orbit. 
However, even relatively small measurement errors can make 
it necessary to use favorable observing geometry and/or 
measurement arcs of sufficient duration (which allows 
constraint by the laws of orbital mechanics). 

Previous experience indicates that tracking data beyond 
24 hours for a geosynchronous satellite such as ATDRS yields 
diminishing returns in terms of OD accuracy. Operationally, 
OD for the present generation of TDRS satellites is 
performed using 30-hour arcs every 24 hours. The day-to-day 
overlap allows for isolation of bad data and inaccurate OD 
results and avoids discontinuities in computed orbits. 
Therefore, for the normal case of the ATDRS unaffected by 
maneuvers, 30-hour OD periods were chosen for this study. 

Eventually, geosynchronous satellites drift from their 
assigned positions. When this occurs for the ATDRS, small 
onboard thrusters will be used to nudge it back toward its 
assigned location. During and immediately after such 
maneuvers, the uncertainty in the satellite position grows 
due to inevitable thrust modeling errors. Because user 
satellites may depend on continuous tracking by ATDRS, a new 
OD solution needs to be made as quickly as possible after 
the maneuver. Henceforth, OD after such a maneuver will be 
termed trajectory recovery, or TR, which by convention can 
use tracking data of durations of up to 2 hours. 

Performance for a TR scenario is another criterion for 
judging the various tracking systems. 

Accurate ATDRS ephemeris prediction information will, in 
some cases, need to be provided to user satellites for real- 
time onboard data processing. Orbit-prediction simulations 
were performed for up to 72 hours after OD or TR definitive 
periods. The performance of the tracking alternatives for 
orbit prediction is also considered as a standard of 
comparison in this study. 
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Table 7-1. Force Model and Measurement-Independent Errors 


MODEL PARAMETER 

UNCERTAINTY (3 a) 

GM 

6 x 10 8 (FRACTIONAL ERROR) 

GEOPOTENTIAL 

COEFFICIENTS 

1 35 PERCENT OF (GEM-10 - GEM-7) 

C R 

2 PERCENT 

POLAR MOTION X 

0.015 ARCSECOND 

POLAR MOTION Y 

0.015 ARCSECOND 

A1 - UT1 

1 

0.09 ARCSECOND 
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INCLUDES THERMAL NOISE AND TROPOSPHERIC AND IONOSPHERIC TURBULENCE 
NOTES: E, N, V = EAST, NORTH, VERTICAL TOPOCENTRIC COORDINATES 
ECF = EARTH-CENTERED, FIXED COORDINATES 
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Table 7-3 . 


Clock Errors Model 


At = a Q + a 1 1 + a 2 t‘ 


WHERE A t = CLOCK ERROR 

, , clock TJME qck coeff|C|6nts (SEE table BELOW) 


SYSTEM 

BRTS b 
PRTS a 
AKuRS b 
MPRTS b 


CLOCK COEFFICIENTS 

3 0 ^ 

a 1 
A 

3 2 
0 


VLBI-Q 

45 mm (1 50 ps) 

0 

0 

CEI-Q 

0.3 mm (1 ps) 

0 

0 

VLBI-2S 

ESTIMATED 

ESTIMATED 

ESTIMATED 

VLBI-3S 

estimated 

ESTIMATED 

ESTIMATED 

VLBI-Ku 

ESTIMATED 

estimated 

estimated 

VLBI-GC 

ESTIMATED 

ESTIMATED 

estimated 

VLBI-GH 

ESTIMATED 

ESTIMATED 

ESTIMATED 

VLBI-GT 

89 cm (3ns) 

0 

0 


GPS-D 

GPS-PD 

GPS-DD 


ESTIMATED/10 m 
0 


a pRTS FREQUENCY SYNCHRONIZATION ELIMINATES THE a, , 83 


CLOCK ERRORS. 


NO CLOCK 


SYNCHRONIZATION ERROR WITH TWO-WAY MEASUREMENTS. 
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7.4 SYSTEM PERFORMANCE 


One goal of ATDRSS is to track other satellites and to. 
provide the means for user satellites to establish their own 
position. The determination of the position of other, 
satellites depends on accurate knowledge of ATDRS orbits, 
the primary figure of merit for this study. The goal is to 
provide 3— a ATDRS position errors of less than 75 m under 
several different tracking scenarios. Statistically, this 
means that the ATDRS position will be known to within 75 m 
more than 99 percent of the time. 

7.4.1 DEFINITIVE PERIOD PERFORMANCE 

'This section summarizes the results of the OD error-analysis 
simulations over the tracking arc. Detailed results are 
presented in Appendix A. Tracking accuracy is evaluated 
using two definitive periods, 30 hours (OD) and 2 hours 
(TR), relative to the study goal of 75-m accuracy (3 a). 

Results for definitive period for both OD and TR tracking 
scenarios for ATDRS-E are presented in the following 
sections. The corresponding results for ATDRS-W are similar 
and may be found in Appendix A. Figures 7-2 and 7-3 show 
the level in bar-chart form of orbit accuracy for each 
tracking system. The length of each bar represents the 
total 3-a OD error including both noise and systematic 
effects. Also displayed is largest error source and its 
level. The corresponding accuracies computed for the BRTS 
system on the present TDRS-E are also included. 

Two of the GPS-based ranging systems were not included in 
the results. GPS-PD was not included because of ORAN's 
inability to model the system adequately without major 
program code revision. The GPS-DD system was not included 
because it was determined before ORAN simulations were run 
that the limited visibility of GPS satellite pairs resulted 
in this system being inadequate for satellite tracking. The 
VLBI-3S system results were included rather than those for 
VLBI-2S, because the former performed better and they 
differed only in solution method. 

7. 4. 1.1 Orbit Determination Scenario 

OD definitive period tracking results for the various 
tracking systems on ATDRS-E are displayed in Figure 7-2. 

The corresponding results in most cases for ATDRS-W are 
similar to these. The length of each bar represents the 
total 3-a OD error, including both noise and unmodeled 
effects. Also displayed is the largest error source for 


2055 


7-13 



COMMON ASSUMPTIONS: 30 HOUR ARCS, DEFINITIVE PERIOD, ATDRS-E 
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COMMON ASSUMPTIONS: 2 HOUR ARCS, DEFINITIVE PERIOD, ATDRS-E 
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each case and its value as the hatched area within the bar. 
In addition to the proposed tracking systems investigated in 
this report, information on the performance of the currently 
operational BRTS is included. 

The results show that nearly all of the tracking systems 
studied meet the 75-meter performance goal in the definitive 
period in the OD scenario. Exceptions to this include the 
present BRTS system and the following interferometric 
systems without benefit of GTR to White Sands: VLBI-GT, 

VLBI-GC, VLBI-GH, CEI-Q. (Although the performance of the 
latter two of these systems was barely adequate for ATDRS-E, 
it was not for ATDRS-W.) Using an optimistic model for GTR 
to White Sands, the latter three systems meet the tracking 
goal. The performance of VLBI-GT was so inadequate that 
ORAN studies of it were not continued to deal with other 
scenarios . 

Notably, without exception, all of the basing options of 
PRTS , MPRTS , and AKuRS track the ATDRS to less than 
45 meters, 3 a. The best performance was given by 
VLBI-Ku , undoubtedly due to the fact that it has longer 
baseline lengths than VLBI-3S. 

7. 4. 1.2 Trajectory Recovery Scenario 

Our TR simulations show that the present BRTS system cannot 
meet the study goal, although its level of performance 
degradation from the OD scenario relative to the other 
systems in this study is quite good. 

Among the ranging systems (PRTS, MPRTS, and AKuRS), only 
those that are based outside CONUS meet the tracking goal, 
although AKuRS nearly does so. For both intermediate and 
long baseline lengths, these systems easily meet the goal 
with the exception of intermediate baseline MPRTS. 

Among the interferometry systems, VLBI-Q and VLBI-3S can 
meet the study goal for definitive period TR if and only if 
GTR to White Sands is used. The VLBI-Ku system can meet the 
goal without GTR. No other interferometric system can track 
to 75 meters, 3 c. 

7.5 PREDICTIVE PERIOD PERFORMANCE 

The durations of accurate orbit prediction after the 
definitive period are listed in Table 7-4. Predictions were 
calculated up to 72 hours in the simulations; when accurate 
predictions extended beyond this time, the duration is 
indicated by ">72" . 
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Table 7-4. Duration of ATDRS-E Accurate Orbit Prediction 



TIME* 

(HOURS) 

TRACKING SYSTEM 

AFTER ORBIT DETERMINATION 
(30 HOURS OF TRACKING) 

AFTER TRAJECTORY RECOVERY 
(2 HOURS OF TRACKING) 

BRTS 

0 

0 

PRTS (CONUS BASELINE) 

>72 

0 

PRTS (INTERMEDIATE BASELINE) 

52 

0 

PRTS (LONG BASELINE) 

45 

31 

MPRTS (CONUS BASELINE) 

>72 

0 

MPRTS (INTERMEDIATE BASELINE) 

53 

0 

MPRTS (LONG BASELINE) 

46 

34 

AKuRS (CONUS BASELINE) 

>72 

4 

AKuRS (INTERMEDIATE BASELINE) 

>72 

17 

AKuRS (LONG BASELINE) 

>72 

67 

GPS-D 

1 23 

0 

GPS- PD 

N.A. 


GPS-DD 

N.A. 


VLBI-Q 

>72 

0 

VLBI-Q + GTR 

>72 

8 

CEI-Q 

2 

0 

CEI-Q + GTR 

>72 

0 

VLBI-3S 

54 

0 

VLBI-3S + GTR 

>72 

8 

VLBI-Ku 

>72 

4 

VLBI-GH + GTR 
VLBI-GC + GTR 

*THF TIMFQ 1 IQTFn iMnii^ attt tlut ui/m .. 

43 

22 

o o 
2055B(3)-016 


•THE TIMES LISTED INOICATE THE AMOUNT OF TIME FOR WHICH A TRACKING ACCURACY OF s 75 METERS IS MAINTAINED. 
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The BRTS system again cannot meet the study goal for the 
predictive period for either the OD or TR scenarios. This 
result is expected since BRTS does not meet the same goal in 
the definitive period. 

Among the ranging system alternatives, the AKuRS system 
provided the best performance. For the long baseline case 
it met the study goal of 3-day predicts after OD and 1-day 
predicts after TR. For the CONUS and intermediate baseline 
cases, prediction after OD exceeded 3 days but predictions 
after TR fell short of the 1-day goal. PRTS and MPRTS had 
very similar results. The long baseline cases satisfied the 
study goal for TR but not OD. The CONUS and intermediate 
baseline cases met the 3-day goal for OD but not the 1 day 
goal for TR. The GPS-D system does not meet the study goal 

for OD or TR. 

The VLBI-Q tracking system met the study goal for prediction 
after OD without the benefit of GTR but not after TR. It 
GTR is used, the goal is also met by VLBI-3S and CEI-Q after 
OD. In no scenario using interferometry is the 1-day goa 
for predictions after TR met. None of the GPS calibrated 
interferometry systems (i.e., VLBI-GC, VLBI-GH, or VLBI GT) 
met the study goals for OD or TR. 


7.6 ATDRSS IMPACTS OF THE PROP O SED TRACKING SYSTEM S 

This section discusses the impact of each tracking system on 
the ATDRSS ground segment, space segment, and operations. 
What follows is summarized in Table 7-5. 


7.6.1 GROUND SEGMENT 

PRTS and MPRTS affect the ATDRSS ground segment in several 
ways. First, the PRTS signals must be put on the ATDRS 
beacon uplink. Second, the PRTS signal structure must be 
processed to yield the range and range-rate observables 
received at the remote stations from the navigation beacon. 
For the PRTS system only, processing of the PRTS one-way 
range return signal must be supported at the AGT. This is 
not required for MPRTS because it uses a two-way range, as 
does BRTS. 

The AKuRS tracking approach requires that the reception and 
coherent turnaround of the Ku-band beacon signal be 
supported by the ground network. In addition, extraction of 
remote tropospheric conditions will be required at the AGT. 
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Table 7-5. Impacts on ATDRSS 


SYSTEM 

GROUND SEGMENT 

SPACE SEGMENT 

SCHEDULING 

DATA 

STALENESS 

PRTS AND 
MPRTS 

GENERATION AND UPLINK 
OF ATDRS BEACON 
SIGNALS 

CALIBRATION OF SIGNAL 
DELAYS 

PRTS SIGNAL STRUCTURE 
SUPPORTED ON S-BAND 
NAVIGATION BEACON 

FREQUENCY REALLOCATION 
TO SUPPORT DEDICATED 
CHANNELS 

CALIBRATION OF ONBOARD 
SIGNAL DELAYS 

DEDICATED RETURN 
CHANNEL 

OPTIONAL USE OF THE 
NONDEDICATED RETURN 
CHANNEL WOULD 
REQUIRE 
SCHEDULING 

NONE 

AKuRS 

SUPPORT FOR 

GENERATION 

AND RECEPTION OF 

Ku-BAND 

BEACON 

CALIBRATION OF SIGNAL 
DELAYS 

Ku-BAND NAVIGATION 
BEACON 

CALIBRATION OF ONBOARD 
SIGNAL DELAYS 

DEDICATED Ku-BAND 
RETURN CHANNEL 

NONE 

NONE 

VLBI-Q, 

CEI-Q, 

VLBI-2S 

VLBI-3S 

VLBI-GC 

VLBI-GH 

VLBI-GT 

SUPPLEMENTARY AGT 
RADIAL RANGING 

GT TT&C RANGING MAY BE 
INADEQUATE, THUS 
REQUIRING A NEW AND 
MORE ACCURATE SYSTEM 

AGT RANGING REQUIRES 
SCHEDULING AT A FRE- 
QUENCY DEPENDING ON 
THE TYPE OF SYSTEM 
USED 

VLBI-Q - 10 MINUTES 
CEI-Q - 3.5 MINUTES 
VLBI-3S - 7 MINUTES 
VLBI-GC « 7 MINUTES 
VLBI-GH - 7 MINUTES 
VLBI-GT - 7 MINUTES 

VLBI-Ku 

NONE (EXCEPT IF BEACON 
IS TO BE USED FOR 
UNRELATED NAVIGATION 
PURPOSES) 

Ku-BAND NAVIGATION 
BEACON OF SUFFICIENT 
BANDWIDTH 

NONE 

7 MINUTES 

GPS-D 

NONE 

GPS RECEIVER ADDED TO 
ATDRS 

NONE 

NONE 

GPS* PD 

SUPPORT FOR 
GENERATION AND 
RECEPTION OF BEACON 

CALIBRATION OF SIGNAL 
DELAYS 

ONE-WAY NAVIGATION 
BEACON SUPPORT 

FREQUENCY REALLOCATION 
(IF PRTS-LIKE) 

CALIBRATION OF SIGNAL 
DELAYS 

DEDICATED RETURN 
CHANNEL 

NONE 

NONE 

GPS-DD 

NONE 

GPS RECEIVER ADDED TO 
ATDRS 

NONE 

NONE 
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There are no ground segment impacts of the GPS-D or the 
GPS-DD tracking systems. The GPS-PD system can have impacts 
on the ATDRSS ground segment depending on which type of 
one-way navigation beacon is used. In the case of use of 
the current ATDRSS navigation S-band beacon, there is no 
further impact. If the PRTS style signal structure is used 
on the beacon, the PRTS ground segment impacts apply here. 

If a Ku-band navigation beacon is used to support VLBI-Ku, 
the impacts given above apply. 

Interferometric tracking will require GTR data from the 
White Sands GT at a rate required by the particular 
interferometric tracking system used. If the present TDRS 
GTR system proves to be not sufficiently accurate, an 
improved ranging system will have to be implemented. 

7.6.2 SPACE SEGMENT 

For AKuRS , a Ku— band navigation beacon is required. For 
PRTS and MPRTS, the S— band navigation beacon that supports 
the PRTS signal structure is required. The onboard signal 
delays would be calibrated dynamically on the satellite or 
before flight, on the ground. In the present design, the 
return channels are dedicated. For PRTS and MPRTS, a 
nondedicated return channel might be used to reduce costs. 
New frequency allocation or reorganization of existing bands 
may be required to support the dedicated channels without 
interfering with other planned ATDRSS services. 

For the GPS-D and GPS-DD systems, a GPS receiver similar to 
those used on the ground would have to be added to the ATDRS 
design. As for the ground segment, the impacts of the 
GPS-PD system depend on the type of navigation beacon that 
is chosen. If the baseline S-band beacon is used, there is 
no impact. If the PRTS style signal structure is used on 
the S-band beacon, the PRTS space segment impacts apply. if 
the Ku-band beacon is used, the AKuRS impacts apply. 

In concept, interferometry systems are nonintrusive on the 
space segment. However, orbit-analysis studies have shown 
that supplementary GTR is at least occasionally required for 
each interferometric tracking alternative. As described for 
the ground segment, if the existing TDRS GTR proves 
inadequate, some other system will be required. 

7.6.3 OPERATIONS 

Because dedicated forward beacon and return channels are 
used/ there are no particular scheduling requirements for 
any of the ranging systems. However, if the option of a 


2055 


7-20 


nondedicated return channel is chosen for PRTS, MPRTS, or 
GPS-PD, scheduling of this return will be required. The 
return link is used for calibration of the remote clocks. 
The scheduling requirement is not rigorous because the 
performance of the remote clocks degrades gracefully. 
Furthermore, because observables are available almost 
immediately, data staleness for PRTS and MPRTS is not 
important . 

In the case of VLBI-Q and VLBI-3S, the GTR would require 
scheduling, and this ranging would need only be scheduled 
immediately after a maneuver. For the other interferometric 
systems, CEI-Q, VLBI-GC, and VLBI-GH, GTR is needed more or 
less continuously. 

Data staleness can be significant for the interferometric 
systems. In the case of VLBI-Q, the time delay observable 
is provided to FDF in 15 minutes, whereas for CEI-Q and 
VLBI-2S , this time is 6 minutes. 


TRACKING SYSTEM 


The costs of operation of the various tracking alternatives 
are displayed in Figure 7-4. The total costs shown are 
subdivided into the initial outlay and the sum of yearly 
operation and maintenance costs over the 10-year life cycle 
of the program. Except for MPRTS, PRTS, and AKuRS, the 
incremental costs to the ATDRSS Ground Terminal or the 
Flight Dynamics Facility were not included in these 
estimates. Further, costs of the ranging and 
interferometric systems were estimated independently, 
possibly resulting in inconsistencies embedded in the 
estimates. 


The following particular qualifications should be 
recognized. The PRTS option for water vapor radiometers 
($1M), which could enhance tracking performance, was not 
included in the figures used for the summary bar chart. For 
the interferometric systems, costs imposed by the use of GTR 
are also not included. 


The least expensive systems studied are the GPS-based 
ranging systems with the GPS-D system estimated to cost only 
$8M. The sole cost for this system stem from the addition 
of a GPS receiver to the ATDRS spacecraft. Among the 
remaining systems, the least expensive are the multiple 
satellite interferometric and MPRTS systems, each having 
about the same total cost of around $35 to $45M. 
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Figure 7-4. Tracking System Cost Comparisons 






The quasar-calibrated interferometry systems have large 
initial costs due to the required 12-meter quasar observing 
antennas. In general, interferometry systems require a 
relatively higher level of staffing, resulting in larger 
yearly continuing costs. The AKuRS system’s large initial 
costs result from full incorporation of the Ku-band beacon 
on each ATDRS spacecraft not presently in the ATDRS baseline 
design . 

7.8 STAFFING 

Total staffing requirements are also displayed in Figure 7-4. 
Managerial and nontechnical support personnel are not 
included in these estimates, nor are additional staffing for 
the AGT or FDF . Interferometric tracking systems considered 
in this report require three more people for continuing 
operations and maintenance than the ranging systems. 

7.9 TECHNOLOGICAL RISKS 

All of the analyses given here use state-of-the-art 
relative-position determinations for the ground stations in 
each tracking system. These station-position coordinates 
are determined either by VLBI-Q techniques outside the scope 
of ATDRS tracking or through the use of GPS terminals. 

Technological risks include use of unproven or innovative 
hardware or software technology or solution algorithms. For 
the PRTS technology, the precise tracking technique and 
implementation have been validated; the processing 
algorithms to remove the ionospheric effects need further 
development and verification. 

If a different set of station positions is chosen for any of 
the range/range-rate systems, new orbit analyses will need 
to be performed to ensure similar tracking accuracy results. 
This stems from the apparent sensitivity of these systems to 
station position. 

For VLB I and CEI, the basic principles of physics and 
engineering have already been applied in related fields. 
Despite the fact that this particular implementation is in 
some sense unique, the risk seems low because the 
requirements call only for different combinations of 
well-established subsystems. 

The estimate for tropospheric modeling errors that was used 
in the error analysis was 3 percent. On extremely overcast 
or rainy days, this estimate may be exceeded, resulting in 
less accurate OD performance. In the particular case of 
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VLBI-3S , adequate performance is achieved only when the 
troposphere height is solved for as a part of the OD 
algorithm. This technique needs further study to evaluate 
its validity and risk properly. 

7.10 EXTERNAL SYSTEM DEPENDENCIES 

PRTS and MPRTS have only one external dependency. A 
relatively low-bandwidth Nascom ground link will have to be 
used as a secondary command link for system reconfiguration. 
For PRTS, this link will also be used for transfer of timing 
information and the return of measurements if the dedicated 
return link is lost. 

The VLBI-Q system depends for its success on a data link that 
can send up to 32 Mbits/sec of data from each of at least 
three stations to the central processing facility. The duty 
cycle on this link is 17 percent during normal operations and 
50 percent during TR. The data transport requirements for 
VLBI-3S and the other multiple satellite interferometric 
systems are for smaller (approximately 30 Mbits per 
measurement) . This amount of data can be cached and sent 
when convenient at the cost of data staleness. The CEI-Q 
system is not constrained by data transport requirements. 

Ranging from each ATDRS to the AGT is required at some level 
for all interferometric tracking approaches. The impact of 
this requirement has not been fully addressed in this 
report. An a priori ephemeris is required for the CEI-Q 
system to resolve phase ambiguities encountered while 
processing the first data from a new orbit. 

7 * 1:L TRACKING SYSTEM COMPARISONS: OVERALL SUMMARY 

Table 7-6 displays all the principal factors upon which the 
various tracking alternatives are to be evaluated. The 
tracking systems are listed in the first column and each 
tracking system's performance for each criterion is listed 
in the remaining columns. The criteria include both 
definitive and predictive OD and TR performance, 10-year 
cost, and network basing. 

The short answer that summarizes the performance of the 
tracking alternatives examined is that none meets all of the 
goals set for this study. However, many of these nearly do 

e* /-v 


The AKuRS satisfies every goal except that to do so requires 
non-CONUS basing. Further, because the Ku-band beacon must 
be added to the ATDRS design, it is one of the most 
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Table 7-6. ATDRSS Tracking System Overall Performance 
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•PERFORMANCE LISTED IS CONTINGENT ON OPTIMISTIC GT RANGING WITH 1 METER NOISE AND 3-METER BIAS 




expensive tracking systems studied. The non-CONUS-based 
PRTS and MPRTS systems can satisfy every study goal if and 
only if one uses more than one network basing to satisfy the 
different tracking criteria. Of these two systems, MPRTS 
seems to be the preferred choice, since it costs 20 percent 
less. The GPS-D and GPS-DD systems did not perform well in 
locating the ATDRS . The GPS-PD system could not be 
simulated due to a lack of time and resources. 

Among the interferometric systems, none can meet the goal of 
1-day accurate predicts after 2 hours of tracking (TR 
scenario) even with supplementary ranging (GTR) to the AGT. 
Of these alternatives, the best performing were the VLBI-Q, 
VLBI-3S , and VLBI-Ku systems. The least expensive of these 
is the VLBI-3S system, as VLBI-Q requires large quasar 
observing antennas and VLBI-Ku requires addition of a 
Ku-band beacon to the ATDRS. 

7 . 12 CONCLUSION AND RECOMMENDATIONS 

In the previous section, it was established that none of the 
tracking systems studied meets all the goals of the 
project. This result suggest the following approaches to 
the ATDRS tracking problem: 

• Relax the goals to allow some of these tracking 

systems to qualify 

• Reevaluate and revise error models and/or 

simulation methods to possibly yield favorable 

results 

• Consider new tracking systems that may provide the 
required performance 

These options are discussed below. 

The most obvious goal that could be relaxed is the CONUS 
basing requirement. In that case, the AKuRS would then meet 
the requirements, as its tracking performance is 
acceptable. However, its high cost is a drawback. The 
MPRTS system with non— CONUS basing comes close to satisfying 
the remaining study goals. Perhaps a different choice of 
station positions or additional stations would be sufficient 
^ or ^ re ach an acceptable level of tracking performance. 

Another study goal that might be relaxed is the requirement 
that accurate 1-day predicts are necessary in the trajectory 
recovery scenario (i.e., 2 hours of tracking). If the 
predict time period could be relaxed to 6 hours, the VLBI-3S 
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would meet the study goals. This would also be true of 
VLBI-Q, but its high cost does not favor it. 

Improved simulations may improve the performance of the 
multiple satellite systems because measurements from three 
nonindependent baselines could be used in orbit solutions. 

A new orbit analysis tool would allow the evaluation of the 
GPS-PD, a system whose performance could not* be evaluated 
using ORAN in its present form. 

There are tracking systems that were not considered in this 
study. Obviously, the GPS-PD system must be included in 
this classification. The VLBI-Ku system shows great 
promise; perhaps with some kind of supplementary ranging it 
could meet ATDRSS requirements. The least expensive new 
system possibility is the use of GTR to White Sands to 
supplement the BRTS ranging, although this alternative still 
does not meet the goal of a CONUS-based system. This 
alternative is now being investigated [Reference 7-1] . 

7.13 REFERENCE 

7.1 CSC, Error Analysis for the ATDRSS Using K-Band TT&C 

Data With Remote BRTS Transponders (TDRS Report No. 1), 
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APPENDIX A - THE ORAN SIMULATIONS 


A. 1 INTRODUCTION 

Two measures of system performance have been defined for 
this study: (1) the maximum error in orbital position of 

ATDRS over a data arc, and (2) the maximum error in 
predicted orbital position of ATDRS over a given period 
after the end of the data arc. 

Considerations of orbital operations require that two cases 
of data arcs be examined: (1) the normal operational 

situation, in which a 30-hour data arc is used and 
predictions are made from this data, and (2) the 
postmaneuver TR situation, in which the orbit of ATDRS must 
be recovered to a satisfactory level of accuracy as quickly 
as possible. To make comparison of the tracking performance 
among the various systems expedient, a TR arc of 2 hours was 
made the basis for comparison. 

In the studies described in this appendix, data arcs have 
been varied for up to 30 hours for all systems, and the 
maximum orbital-position error has been tabulated. Plots of 
orbital position versus time have been made for selected 
cases to examine the prediction capabilities of the systems. 

The same satellite orbits and parameters have been used for 
all cases and are described in Table A. 1-1. The force model 
errors common to all systems are tabulated in Table A. 1-2. 

A. 2 ERROR SOURCES FOR SIMULATIONS 

A. 2.1 FORCE MODEL ERRORS 

A. 2. 1.1 GM Error 

The GM error used in the ORAN simulations has a value of 
2 x 10 -3 (i a) or 6 x 10 -3 (3 a). The latest 
results (Reference A-l) for the determination of GM from the 
LAGEOS satellite studies give the value 

GM = 398600.440 +/- 0.005 km 3 /s 2 

The uncertainty in this result represents a fractional error 
of 1.25 x 10 -3 ; therefore, the value chosen for the ORAN 
simulations is reasonable and slightly conservative. 
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Table A. 1-1. ATDRS Satellite Parameters 


Epoch time 1980 March 01 Oh 0m 0.0s 
Keplerian elements 

Semimajor axis 42166663.000 m 

Eccentricity 0.0000245 

Inclination 0.5° 

Right ascension of 
the ascending node 


ATDRS-E 

ATDRS-W 

ATDRS-C 

Argument of perigee 
Mean anomaly 


319.00° 

189.00° 

254.00° 

0 . 0 ° 

158.9252° 


ATDRS area/mass ratio 0.0227 (m 2 /kg) 

ATDRS coefficient of 
reflectivity 1.4 
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Table A. 1-2. Measurement Independent Errors 


Model parameter 
GM 

Geopotential 

coefficients 

Cr (solar 
radiation) 

Polar motion X 

Polar motion Y 

A1 - UT1 


Uncertainty (3 o) 

6 x 10 -8 (fractional error) 
135% Of (GEM-10 - GEM-7) 

2 % 

0.015 arcsec 
0.015 arcsec 
0.09 arcsec 
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A. 2. 1.2 Gravitv-Model Errors 


The gravity model difference error source in ORAN allows the 
user to estimate the effect of the overall uncertainty in 
the Earth's gravitational field on the position and velocity 
of the satellite being studied. ORAN uses the coefficient 
differences of two different (independent, it is hoped) 
gravity models to estimate the uncertainties in the 
coefficients. Because two perfect, independent gravity 
models would have the same coefficients, the size of the 
coefficient differences is some measure of the error in the 
coefficients of these gravity models. 

The models chosen for this ORAN simulation are Goddard Earth 
Model (GEM) -7 and GEM-10. These models are not 
independent — they share the same data and were computed by 
the same group — however, GEM-10 contains significantly more 
data than GEM-7. Therefore, their differences will provide 
a measure of the error in contemporary gravity models. For 
a 3-c error, 135 percent of the difference between GEM-7 
and GEM-10 was used. 

There are no planned U.S. gravity missions at present; 
therefore, unless a European gravity mission is launched in 
the near future, these geopotential coefficient error 
estimates will be valid until at least 1995. 

The gravity-model error source is relatively unimportant for 
geostationary satellites because the perturbing effects of 
the high degree and order coefficients decrease rapidly with 
altitude. 


A.2.1.3 Pole and A1 - UT1 Errors 

The errors in the X and Y coordinates of the pole express 
the error in the tracking-station locations due to errors in 
the transformation for the polar motion of the Earth. This 
transformation is necessary to compensate for the deviation 
of the motion of the Earth's crust (and the stations 
situated on it) from the average rotational motion of the 
Earth. The A1 - UT1 error expresses the error in converting 
the UT1 time system, which expresses the relation between 
the average Earth-fixed coordinate system and the inertial 
coordinate system, to the A1 atomic time system, which is 
used for satellite orbit integration. 

The following errors have been used in the ORAN simulations: 

Pole X 15 milliarcsec 

Pole Y 15 milliarcsec 

A1 - UT1 90 milliarcsec ( = 6 millisec ) 
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n£i5rn rS UT1 and polar motion are according to the 

USNO estimated accuracy of their 10-day predicts as listed 

h t International Earth station Service bullitin OTl 
predicts are much less accurate than predicts for ooiar 
motion because of the high degree of cJupHna to atraoloheri 
angular momentum, which fluctuates on short time scales 

?n-d^ (Reference A-2) indicates that the errors in 

exceed thJ d ^ Ctl ° nS f ° r the P ° le and A1 " UT1 w °uld not 
exceed the 3 -ct errors used in the ORAN studies. 

A. 2. 1.4 Solar Ra di ation Coefficient Errnr 


A. 2. 2 


measurement errors 


different " tracking ^systems. s ^ a ^ lon Portions used for the 
A. 2. 2.1 Station-Posi tion Rrrnrc 
The report mentioned earlier (Reference A-i^ 3 i<. n 
?rack a th2 lLeSI satellite '"he" t^ort^ t0 

snc'fiiS’si’i 0 ^" i - r ^TLiT t hiy mean 

height estimates ^rs^S^sho^a^rgf s^aftTf^h 
estimates, on the ordpr n f in ™ ge scatter in these 

there iTV 

^r^csr* 1 13 u “isx/ss 

consideration^ere^the^stat" the t f a ? kin9 systems under 
differently ?ot£h4 atd^T't 10 " err ° rS 3re treated 

is particularly suited fot tLr! The VLBI system 

ssssj*^!; r£¥ r“E — n the 

the center of mass of the Ea?th tL » ° nS relatlve to 

tae tartn. The accuracy of the 
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Table A. 2-1. 


VLBI-Q Measurement Errors 


Station positions 

Station cl x 
Station cl y 
Station cl z 

Station c2 x 
Station c2 y 
Station c2 z 

Station ce x 
Station ce y 
Station ce z 

Station cw x 
Station cw y 
Station cw z 

Network location 

X 

y 

z 

Troposphere error 
Ionosphere error 


0.06 m 
0.06 m 
0.24 m 

0.06 m 
0.06 m 
0.24 m 

0.06 m 
0.06 m 
0.24 m 

0.06 m 
0.06 m 
0.24 m 

error 

0.75m 
0.75 m 
0.75 m 

2% for all stations 
12% for all stations 


Clock error 

a0 0.045 m = 150 
al and a2 = 0 


Measurement noise 


Quasar observation 
ATDRS observation 
Troposphere 
Ionosphere 


(0.056 m) 
(<0.008 m) 
(0.045 m) 
(0.008 m) 


Noise total 


0.073 m 
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Table A. 2-2. White Sands Range Measurement Errors 


Station positions 


Station WHSK 

X 

0.75 m 

Station WHSK 

y 

0.75 m 

Station WHSK 

z 

0.75 m 

Troposphere error 

* 

6% 

Ionosphere error 


100% 

Range bias error 


3.0 m 

Measurement noise 


1.0 m 
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Table A. 2-3. CEI-Q (Alabama) Measurement Errors 


Station positions 


Station 

site 

1 

X 

0.006 

m 

Station 

site 

1 

y 

0.006 

m 

Station 

site 

1 

2 

0.006 

m 

Station 

site 

2 

X 

0.006 

m 

Station 

site 

2 

y 

0.006 

m 

Station 

site 

2 

z 

0.006 

m 

Station 

site 

3 

X 

0.006 

m 

Station 

site 

3 

y 

0.006 

m 

Station 

site 

3 

z 

0.006 

m 


Network location error 


X 

Y 

Z 

Troposphere error 

Baseline 1-2 
Baseline 1-3 
Baseline 2-3 

Ionosphere error 

Baseline 1-2 
Baseline 1-3 
Baseline 2-3 

Clock error 


0.75 m 
0.75 m 
0.75 m 


0.015% 

0.006% 

0.015% 


0 . 0012 % 

0.0006% 

0 . 0012 % 


a0 0.0003m =1 ps 

al and a2 = 0 


Measurement noise 


Instrumental 0.001 m 


Tropospheric 

Average day 0.014 m 

(Poor day) (0.050 m) 
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Table A. 2-4. CEI-Q (California) Measurement Errors 


Station positions 





Station 

site 

1 

X 

0 . 006 

m 

Station 

site 

1 

y 

0.006 

m 

Station 

site 

1 

z 

0.006 

m 

Station 

site 

2 

X 

0 . 006 

m 

Station 

site 

2 

y 

0 . 006 

m 

Station 

site 

2 

z 

0.006 

m 

Station 

site 

3 

X 

0 . 006 

m 

Station 

site 

3 

y 

0.006 

m 

Station 

site 

3 

z 

0.006 

m 


Network location error 


X 0.75m 
Y 0.75m 
Z 0.75m 

Troposphere error 

Baseline 1-2 0.036% 
Baseline 1-3 0.030% 
Baseline 2-3 0.003% 


Ionosphere error 

Baseline 1-2 
Baseline 1-3 
Baseline 2-3 


0 . 0012 % 

0.0006% 

0 . 0012 % 


Clock error 

aO 0.0003 m = 1 ps 
al and a2 = 0 

Measurement noise 


Instrumental 0.001 m 


Tropospheric 

Average day C . 020 m 

(Poor day) (0.077 m) 
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Table A. 2-5. VLBI-2S, VLBI-3S Measurement Errors 


Relative station positions 


Station 

cl-c2 

X 

0 . 076 

m 

Station 

C1-C2 

y 

0 . 076 

m 

Station 

cl-c2 

2 

0.228 

m 

Station 

cl-ce 

X 

0.154 

m 

Station 

cl-ce 

y 

0.154 

m 

Station 

cl-ce 

z 

0.462 

m 

Station 

c2-ce 

X 

0 . 186 

m 

Station 

c2-ce 

y 

0.186 

m 

Station 

c2-ce 

z 

0.558 

m 

Station 

cl-cw 

X 

0 . 168 

m 

Station 

cl-cw 

y 

0 . 168 

m 

Station 

cl-cw 

z 

0.504 

m 

Station 

c2-cw 

X 

0 . 156 

m 

Station 

C2-CW 

y 

0.156 

m 

Station 
Network locat 

C2-CW z 
ion error 

0.468 

m 

X 

0 

.75 

m 


Y 

0 

.75 

m 


Z 

0 

.75 

m 



Troposphere error 
Ionosphere error 


4.5% for all stations 
100% for all stations 


Clock errors are always solved for (a n/ ai , 
and a 2 > x 

Noise Instrumental 0.001 m 

Noise Tropospheric 


Average dav 

Baseline cl-c2 
Baseline cl-ce 
Baseline c2-ce 
Baseline cl-cw 
Baseline c2-cw 


East West 

. 072 m 
.057 m 

.063 m .073 m 
.073 m 
. 073 m 
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Table A. 2-6 


VLBI-Ku Measurement Errors (3 a) 


Relative station positions 

Station WST-FTD x .06 m 

Station WST-FTD y .06 m 

Station WST-FTD z .24 m 

Station WST-RCH x .06 m 

Station WST-RCH y .06 m 

Station WST-RCH z .24 m 

Station FTD-RCH x .06 m 

Station FTD-RCH y .06 m 

Station FTD-RCH z .24 m 

Network location error 

X 0.75 m 

Y 0.75 m 

Z 0.75 m 

Troposphere error 4.5% for all stations 

Ionosphere error 100% for all stations 

Clock errors are always solved for (a G , a^, 
and a 2 ) 

Noise Instrumental 0.01 m 

Noise Tropospheric 0.099 m 
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Table A. 2-7. VLBI-GH Measurement Errors (1 of 2) 


Relative station positions 


Station 

c l-c2 

X 

0.076 

m 

Station 

cl-c2 

y 

0 . 076 

m 

Station 

cl-c2 

z 

0.228 

m 

Station 

cl-ce 

X 

0.154 

m 

Station 

cl-ce 

y 

0.154 

m 

Station 

cl-ce 

z 

0.462 

m 

Station 

c2-ce 

X 

0.186 

m 

Station 

c2-ce 

y 

0.186 

m 

Station 

c2-ce 

z 

0.558 

m 

Station 

cl-cw 

X 

0.168 

m 

Station 

cl-cw 

y 

0.168 

m 

Station 

cl-cw 

z 

0.504 

m 

Station 

C2-CW 

X 

0.156 

m 

Station 

c2-cw 

y 

0.156 

m 

Station c2-cw z 
irk location error 

0.468 

m 

X 

0 

.75 

m 


Y 

0 

.75 

m 


Z 

0 

.75 

m 



Clock errors are always solved for on each 
independent base line 


ATDRS : 


Systematic Errors (3a) 
Troposphere 
(when not solved for) 
Ionosphere 

Noise Errors (3a) 
Instrumental 
Troposphere 

Average dav 

Baseline cl-c2 
Baseline cl-ce 


4.5% for all stations 
100.% for all stations 

. 01 m 

East West 

.072 m .076 m 
. 054 m 
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Table A. 2-7 . 


VLBI-GH Measurement Errors (2 of 2) 


Average day 

Baseline c2-ce 
Baseline cl-cw 
Baseline c2-cw 

GPS: 

Systematic Errors (3a) 
Troposphere 
(when not solved for) 


Instrumenta 

1 

( range 

difference) 

0 

f f set 

Noise Errors 

(3 

o) 

Instrumenta 

1 


Tropospher i 

c 



East West 


.058 m 

.059 m 
.060 m 


4.5% for all stations 
.015 m for all satellites 


. 02 m 
.048 m 
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Table A. 2-8. VLBI-GC Measurement Errors (1 of 2) 


Relative station positions 


Station 

cl-c2 x 

0 . 076 

m 

Station 

cl-c2 y 

0 . 076 

m 

Station 

cl-c2 z 

0.228 

m 

Station 

cl-ce x 

0 . 154 

m 

Station 

cl-ce y 

0 . 154 

m 

Station 

cl-ce z 

0.462 

m 

Station 

c2-ce x 

0 . 186 

m 

Station 

c2-ce y 

0 . 186 

m 

Station 

c2-ce z 

0 . 558 

m 

Station 

cl— CW X 

0 . 168 

m 

Station 

cl-cw y 

0 . 168 

m 

Station 

cl-cw z 

0.504 

m 

Station 

c2-cw x 

0.156 

m 

Station 

c2-cw y 

0.156 

m 

Station 

C2-CW z 

0.468 

m 

irk location error 



X 

0.75 

m 


Y 

0 . 75 

m 


Z 

0 . 75 

m 



Clock errors are always solved for on each 
independent base line 


ATDRS : 


Systematic Errors (3a) 
Troposphere 
(when not solved for) 
Ionosphere 

Noise Errors (3a) 
Instrumental 
Troposphere 

Average day 

Baseline cl-c2 
Baseline cl-ce 


4.5% for all stations 
100.% for all stations 

. 01 m 

East West 

.072 m .076 m 
.054 m 
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Table A. 2 8. VLBI-GC Measurement 


Errors (2 of 2) 


Average flay 


East West 


Baseline c2-ce 
Baseline cl-cw 
Baseline c2-cw 


GPS: 

Systematic Errors ( 3 c) 
Troposphere 
(when not solved for) 
Instrumental offset 

Noise Errors (3c) 
Instrumental 
Tropospheric 


. 058 m 

.059 m 
.060 m 


4.5% for all stations 
.09 m for all satellites 


.074 m 
.048 m 
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Table A. 2-9 . 


VLBI-GT Measurement Errors 


Relative station positions 


Station cl-c2 

X 

0.076 

m 

Station cl-c2 

y 

0.076 

m 

Station cl-c2 

z 

0 . 228 

m 

Station cl-ce 

X 

0.154 

m 

Station cl-ce 

y 

0 . 154 

m 

Station cl-ce 

z 

0.462 

m 

Station c2-ce 

X 

0.186 

m 

Station c2-ce 

y 

0 . 186 

m 

Station c2-ce 

z 

0 . 558 

m 

Station cl-cw 

X 

0 . 168 

m 

Station cl-cw 

y 

0.168 

m 

Station cl-cw 

z 

0.504 

m 

Station c2-cw 

X 

0.156 

m 

Station c2-cw 

y 

0.156 

m 

Station c2-cw 

z 

0.468 

m 


Network location error 


X 

Y 

Z 


0.75 m 
0.75 m 
0.75 m 


Troposphere error 
Ionosphere error 
Clock errors (3a) 


4.5% for all stations 
100% for all stations 


a Q 3ns 

Noise Instrumental 0.001 m 


Noise Tropospheric 

Average day — 

Baseline cl-c2 
Baseline cl-ce 
Baseline c2-ce 
Baseline cl-cw 
Baseline c2-cw 


East 


West 

.072 

m 

.076 m 

.054 

m 


.058 

m 

.059 m 
.060 m 
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Table A. 2-10. Measurement Errors 


for Baseline PRTS (3 a) 


Station positions 

Local X 
Local Y 
Local Z 


for all stations 

0.75 m 
0.75 m 
0.75m 


Troposphere error 4.5% 


Ionosphere error none 


Clock error 

aO solved for 
al and a2 = 0 


aO 0 . 25 m 

for measurements not in clock solution 


Range biases 

1-way forward measurements 

Master station 6 m (uplink) 

Remote station 3 m (downlink) 

1-way return measurements 

Master station 6 m (downlink) 

Remote station 3 m (uplink) 

Measurement noise 

1-way forward range 
1-way return range 
1-way forward range rate 


1.5 m 

7.5 m 
1.31 mm/s 
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Table 


A. 2 11. Measurement Errors for MPRTS (3 a) 


Station positions 

Local x 
Local Y 
Local z 


for all stations 

0.75 m 
0.75 m 
0.75 m 


Troposphere error 4 . 5 % 


Ionosphere error 


none 

frequency 2200 MHz 
Clock error none 
Range biases 

Uplink (ATDRSS GT - ATDRS) : 

Forward (ATDRS - REMOTE STATION) : 
Return (REMOTE STATION - ATDRS) • * 
Downlink (ATDRS - ATDRSS GT) : 

Measurement noise 

2-way range: j o m 

2-way range-rate: o.*75 mm/s 


6.0 m 

3.0 m 

3.0 m 

6.0 m 
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Table A. 2-12. Measurement Errors for AKuRS (3 a) 


Station positions 

Local X 
Local Y 
Local Z 


for all stations 

0.75 m 
0.75 m 
0.75 m 


Troposphere error 4.5% 
Ionosphere error 


100 % 

frequency 14000 MHz 
Clock error none 


Range biases 


Uplink ( ATDRSS GT - ATDRS) : 6.0 m 
Forward (ATDRS - REMOTE STATION): 3.0 m 
Return (REMOTE STATION - ATDRS): 3.0 m 
Downlink (ATDRS - ATDRSS GT) : 6.0 m 


Measurement noise 

2-way range: 

2-way range-rate: 


4.0 m 
0.15 mm/s 
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Table A. 2-13. Measurement Errors for Direct ATDRS/GPS 

Tracking System (3 a) 


GPS satellite ephemeris error 

uncertainty in position: 6.0 m 

- uncertainty in velocity: 6.0 mm/s 

Troposhere error 0.0 

Ionosphere error 0.0 

ATDRS/GPS clock bias 

solved-for over 30-hour tracking arc 
10.0 m over 2-hour tracking arc 

ATDRS/GPS pseudorange measurements (per measurement) 

noise: 9.0 m 

bias: 13.4 m 

ATDRS/GPS pseudorange-rate measurements (per measurement) 

noise: 10.5 mm/s 

bias: 1.5 mm/s 
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Table A. 2-14. Stations for VLBI-Q 


Latitude Longitude 

Station name (deg min sec) (deg min sec.1 





TDRS- 

-E Stations 



Cl 

31 

00 

00 . 

255 

00 

00 . 

C2 

36 

00 

00 . 

254 

00 

00 . 

CE 

31 

00 

00 . 

265 

00 

00 . 



TDRS- 

■W Stations 



Cl 

31 

00 

00 . 

255 

00 

00. 

C2 

36 

00 

00 . 

254 

00 

00 . 

CW 

33 

00 

00 . 

244 

00 

00. 


Table . 

A. 2 

-15. 

Stations for 

CEI 


Latitude 

Longitude 


Station name (deg min sec) ( deg min se c_l 

TDRS-E (Alabama) 


SITE1 

32 

00 

00 . 0 

273 

57 

18.3000 

SITE2 

32 

00 

00 . 0000 

274 

02 

41.7000 

SITE3 

32 

04 

40.0700 

274 

00 

00.0000 


TDRS-W (California) 


SITE1 

33 

00 

00.0 

243 

57 

18.3040 

SITE2 

33 

00 

00 . 0 

244 

02 

41.6960 

SITE 3 

33 

04 

40.0667 

244 

00 

00.0000 


Height (m) 


1500 . 
2500. 
100 . 


1500 . 
2500 . 
0 . 0 


Height (m) 


150 . 0 
150.0 
150 . 0 


00.00 
00.00 
00 . 00 
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Table A. 2-16. Stations for Multiple Satellite 

Configurations 


Station name 

Cl 

C2 

CE 

CW 

WHSK 

WST 

FTD 

RCH 


Latitude 
(deg min sec> 


31 

00 

00. 

36 

00 

00. 

31 

00 

00. 

33 

00 

00. 

32 

30 

03.857 

42 

37 

00. 

30 

06 

00. 

25 

36 

00. 


Longitude 
(dea min sen't 

255 00 00. 

254 00 00. 

265 30 00. 

244 00 00. 

253 23 29.16 
288 31 00. 

256 03 00. 

279 37 00. 


, VLB I 


Height (m) 

1500. 

2500. 

100 . 

0.0 

1441.37 

110 . 

1603 . 

26. 
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Table A. 2-17. 


Stations for PRTS, MPRTS 
AKuRS (ATDRS-E) 


and 


Station name 


WHSK 

GSFC 

MIL 

WHS 


Latitude 
_(deg min spr) 

Short-Basel: 

32 30 03.857 
39 00 09.697 
28 30 21.986 
32 30 03.857 


Longitude 
(deg min see-) 

ne Stations 

253 23 29.16 
283 09 43.654 
279 18 25.388 
253 23 29.66 


Height 


1441.37 
-9 . 904 
-58 . 6510 
1441.37 


WHSK 

GSFC 

ACN 

WHS 


Intermediate-Baseline Stations 


32 30 03.857 
39 00 09.697 
-7-57-17.370 
32 30 03.857 


253 23 29.16 
283 09 43.654 
345 40 22.570 
253 23 29.66 


1441.37 
-9 .904 
528.000 
1441.37 


WHSK 

REY 

ACN 

WHS 


Long Baseline Stations 


32 30 03.857 
64 09 00.000 
-7-57-17.370 
32 30 03.857 


253 23 29.16 
338 21 00.000 
345 40 22.570 
53 23 29.66 


1441.37 
0 . 000 
528 .000 
1441.37 
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Table A. 2-18. Stations for PRTS, MPRTS, 

AKuRS (ATDRS-W) 


station name 


WHSK 

VAN 

WAS 

WHS 


Latitude 
Meg min sec). 

Short-Basel 

32 30 03.857 
34 33 56.280 
46 10 12.000 
32 30 03.857 


Longitude 
(dea min sec) 

ne Stations 

253 23 29.16 

239 29 54.521 

240 48 36.000 
253 23 29.66 


WHSK 

HAW 

WAS 

WHS 


Intermediate-Baseline Stations 


32 30 03.857 
22 07 34.460 
46 10 12.000 
32 30 03.857 


253 23 29.16 
200 20 05.430 
240 48 36.000 
253 23 29.66 


WHSK 

GWM 

AMS 

WHS 


Long-Baseline Stations 


32 30 03.857 
13 18 38.250 
-1-42-25.00 
32 30 03.857 


253 23 29.16 
144 44 12.530 
189 16 35.000 
253 23 29.66 


and 


Height (m) 


1441.37 

583.421 

152.5000 

1441.37 


1441.37 

1139.000 

152.5000 

1441.37 


1441.37 

116.00 

3.00 

1441.37 
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station positions relative to the center of mass of the 
Earth is the relevant quantity for OD. To estimate the 
station-position errors for ORAN correctly, two sets of 
station-position errors have been used. The first set, 
called the center of mass error, represents the error in 
determining the position of one of the stations (the master 
station) with respect to the center of mass of the Earth; it 
is applied only to the master station. The second set of 
station-position errors, the relative error, represents the 
error in determining the position of the other stations with 
respect to the master station. This set uses errors related 
to the baseline determinations made possible by the VLBI 
system. Only the relative station-position errors are used 
for the remote stations. 

The center of mass errors were chosen to be 75 cm (3 a) 
because, as discussed earlier, the best center of mass 
position determinations have an error of about 10 to 20 cm. 
The 3-a relative errors were chosen to be 6 cm for most 
VLBI configurations. The relative errors are in a local 
coordinate system and are designated x, y, and z for east, 
north, and vertical directions, respectively. For VLBI-Q, a 
local height error (z-error) of 24 cm was used because the 
baseline determinations do not resolve the height 
differences of the stations well. For the CEI system, the 
relative errors are all 6 cm because local surveying can be 
used to determine the station relative positions more 
accurately. 

For VLBI-Q, the relative station locations can be made by 
quasar observations by the network itself. Error estimates 
are based on currently achieved accuracies using this 
technique (Reference A-3). It is assumed that ties between 
quasar antennas and ATDRS antennas are done by conventional 
surveying techniques. 

For CEI-Q arrays, again the quasar antennas can be surveyed 
by quasar observations. This is a standard technique at the 
VLA, for example. Baseline solutions are assumed to be 
accurate to 'X/30, a figure that needs verification. A 
conventional survey tie between each quasar antenna and the 
associated ATDRS antenna is assumed accurate to 2 mm (1 ct) 
and can be verified by observing strong natural radio 
sources . 

Multiple satellite systems (e.g. VLBI-2S) would be 
calibrated by accurate GPS surveying. Accuracy is assumed 
to be three parts in 10® (l a) in length and cross, 
three times worse in vertical. Current practitioners (e.g.. 
Reference A-4) claim accuracies of 3 x 10~® for all three 
components on a 2000 km baseline. 
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PRTS has no special advantage for determining baselines 
between stations; therefore, the only position errors used 
were 75-cm center of mass errors, applied independently to 
each station. These errors are in a local coordinate system 
and are designated x, y, and z for east, north, and vertical 
directions, respectively. 

A. 2. 2. 2 ORAN Clock Error Modeling 

The studies done for the ATDRS tracking systems during the 
past year used a clock model of the following form: 

t c * t + ao + ai*t + a2*t 2 

where t c = clock time 

t = true time 

ag, a]_, a£ are clock coefficients 

ORAN can treat all three clock coefficients as solved-for or 
unmodelled errors. Various combinations of solved-for and 
unmodelled clock parameters were used in different VLBI 
simulations . 

In both VLBI systems calibrated by quasar observations, 
clock errors are nearly completely eliminated by 
simultaneous observation and subtraction of the delay toward 
ATDRS and the delay toward the quasar. For the VLBI-Q, a 
small residual offset is present because of uncalibrated 
instrumental hardware delays that differ between the quasar 
receiver and the ATDRS receiver. For the quasar— calibrated 
CEI , any such offset is assumed to be 100 percent calibrated 
by observations. 

In VLBI-2S , a clock model is fitted to the observations, 
along with the satellite orbits. The clock model is 
quadratic with 3 parameters: offset, rate, and rate drift. 
Quadratic models are found to fit real masers to an accuracy 
of, typically, 85 ps over the course of a day 
(Reference A-5); therefore, it is appropriate to add 85 ps 
of noise due to maser fluctuations in quadrature with other 
noise sources. 

For PRTS, it is claimed that the PRTS signal allows the 
clocks to be locked in frequency to the master station clock 
so that no drifts of the clocks will occur. Therefore, the 
parameters a^ and a£ have been set to zero for all the 
PRTS ORAN simulations. 

Because PRTS uses two one-way range measurements (forward 
and return) to solve for the remote station clock biases. 
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ORAN has been modified to use such measurements. The return 
measurement has been implemented in ORAN to have a sign on 
the clock bias partial opposite to the sign of the clock 
bias partial on the forward measurement, following the 
description of the forward and return PRTS measurements 
provided by STI. 

A. 2. 2. 3 Tropospheric Errors 

ORAN expresses errors in measurement corrections for 
systematic tropospheric refraction as a percentage of the 
calculated correction. The calculated correction depends on 
default values of atmospheric pressure, temperature, and 
humidity at the tracking location and on the elevation of 
the satellite as seen by the tracking site. For VLBI 
systems, fluctuations in the tropospheric refraction also 
produce an increase in the noise on the measurement, as 
discussed in the next paragraphs. For the PRTS simulations, 
ORAN has used a 3-c error of 4.5 percent for all 
measurements . 

The VLBI measurements have various troposphere error values, 
which depend on the type of VLBI tracking system and on the 
VLBI baseline length and orientation, because some degree of 
self-calibration is possible on the VLBI systems. In 
addition, for the short-baseline .CEI systems, troposphere 
errors from two stations will be correlated because the 
signals travel along almost the same path. This situation 
leads to reductions in the troposphere error parameters, as 
discussed in the following paragraph. The troposphere error 
values for the various VLBI systems appear in Tables A. 2-1 
to A . 2-5 . 

The tropospheric path delay is to be estimated from local 
meteorological data (pressure, temperature, and relative 
humidity) . The dominant error in this determination comes 
in estimation of the effective thickness, i.e., the path 
delay at zenith. Zenith delay errors are budgeted as 
1.5 percent (1 -ct) of the total. This is based on a recent 
dissertation by Ifadis (Reference A-6) in which predictions 
of atmospheric models were compared to actual radiosonde 
profiles. Typical rms errors were found to be about 3 cm in 
zenith delay due to modeling errors. This corresponds to 
1.4 percent of the total. The numbers may overestimate 
actual errors because, for sites in Albuquerque and El Paso, 
the errors are lower than average (2 cm, 2.6 cm). However, 
these estimates include only modeling error and neglect 
effects of measurement error in local meteorological 
measurements . 
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A. 2. 2. 3.1 CEI-Q 


Delay errors used in ORAN are derived from the assumed 
1.5 percent error in zenith delay. The elevation of ATDRS 
is found for each antenna in the array. The atmosphere 
height is assumed uniform over the (10-km) array but with 
misestimated thickness. The delay error on each baseline is 
the added path difference through the added sheet of delay, 
due to the zenith angle (ZA) difference at the two sites. 

To obtain a fractional error, this delay error is normalized 
by the total delay at elevation and assigned to one of the 
antennas on the baseline. In addition, subtraction with 
respect to quasar observations is assumed to provide a 
reduction by at least a factor of three. This is because a 
nearby quasar will suffer a similar degree of unmodelled 
delay. The factor of three corresponds to the median 
reduction expected for the less favorable case: an array in 
California observing ATDRS at longitude 171 degrees 
(elevation angle 20.6 degrees). In fact, this error may be 
reduced further by observing each calibrator when it is at 
the same elevation angle as the ATDRS. 

A. 2. 2. 3. 2 VLBI-Q 

For quasar-calculated VLBI measurements, the same 
calculation is performed but the zenith delay errors are 
assumed to be uncorrelated at the two sites. (If the errors 
are correlated, the delay difference error is somewhat 
reduced.) The median reduction expected is 0.07/cos (ZA) for 
the expected median calibrator elevation difference of 
4 degrees. 


A. 2. 2. 3. 3 VLBI-2S 

For VLBI-2S observations, in general the satellites are at 
quite different elevations; therefore, no such partial 
cancellation is assumed to take place. 

A. 2. 2. 3. 4 Comments 

Neglected in these calculations is any consideration of 
error in scaling from zenith to elevation of observation. 
These errors are expected to be about one order of magnitude 
smaller than zenith delay estimates themselves. If, 
however, improved zenith delay estimates can somehow be 
obtained, (e.g., treating as considered parameters or using 
water vapor radiometers), it would become necessary to 
consider the scaling law or mapping function error, as it is 
called . 


2055/0025f 


A-28 



Water vapor radiometry is not considered because it is not 
yet reliable, and there is some question whether it can be 
used in rainy weather. 

A. 2. 2. 3. 5 Tropospheric Fluctuations 

Noise in VLBI systems due to tropospheric fluctuations is 
calculated based on the model described in Reference A- 7 . 

The model assumes a Kolmogorov spectrum of three dimensional 
fluctuations, characterized by a single parameter rO 
describing the minimum turbulent scale (Fried's length) . 

For observations calibrated by subtraction, Ray et al. 
(Reference A-7) found 

a(x) = 1.4 ps/sqrt (cos (ZA) ) *(r/rO) **5/6 

where x = measured delay difference 
ZA = Zenith angle of satellite 
r = L2 km*sin (10 deg)/cos(ZA) 
rO = turbulent scale length 

= 200 m (median) or 35 m (1 percent likelihood) 

L2 = 5.6 km = scale height of troposphere 

A slightly different formula applies when the two objects 
are far apart on the sky. In such a case 

o(x) = 1.4 ps * sqrt (L2/r0*cos ZA) *(r/r0)**l/3 

For quasar-calibrated systems, the calibrator source is 
assumed to be 10 degrees away. Estimates predict that there 
will be a quasar at least this close about 80 percent of the 
time . 

For the VLBI-2S observations, the noise is modeled as that 
from calculating the difference between two objects 
differing in azimuth by 90 degrees and at the elevation of 
the lower satellite. For GPS observations, the noise is 
modeled as though one satellite is at zenith and the other 
is at 20 degrees of elevation (the elevation cutoff) . 

A. 2. 2. 4 Ionosphere Errors 

Because it is claimed that PRTS can eliminate all 
ionospheric effects on the measurements, no ionosphere 
errors have been used in the ORAN simulations of PRTS. The 
measurement noise levels, however, are conservatively 
modelled to effectively include the random error in the 
estimation of the ionospheric delay. 
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The VLBI measurements have various ionospheric error values, 
which depend on the type of VLBI tracking system and on the 
VLBI baseline length and orientation, because some degree of 
self-calibration is possible on the VLBI systems. 

Furthermore, for the short baseline CEI systems, ionosphere 
errors from two stations will be correlated because the 
signals travel along almost the same path, thereby reducing 
ionosphere error parameters. As for the troposphere, 
fluctuations in the ionosphere increase the measurement 
noise . 

The ionosphere error values for the various VLBI systems 
appear in Tables A. 2-1 to A. 2-7. The F10.7 solar flux 
value, which indicates the level of solar activity, and 
thereby affects the ionospheric error, has been set to 250, 
which is appropriate for the high levels of solar activity 
expected for the mid-1990s. 

The ionospheric delays are not explicitly calibrated in the 
VLBI systems proposed here because the effects at Ku-band 
are expected to be rather small; however, they are included 
in the ORAN simulations. 

For the VLBI-Q tracking systems, systematic ionosphere error 
is modeled as due to the elevation difference at the two 
stations. The delay is modeled according to a rather simple 
azimuthally symmetric model given by Reference A-8. A 
factor of three is assumed for reduction from differencing 
with respect to quasar observations. This gives the 
proportion of the total ionospheric delay as calculated in 
ORAN that is assumed as systematic error. The same 
calculation is performed for CEI-Q system as for the VLBI 
system. 

For VLBI-2S , the ionospheric delay is 100 percent 
uncalibrated. 

Noise in VLBI systems due to ionospheric fluctuations is 
derived by a model similar to the tropospheric error model. 
Parameters come from Reference A-9. For CEI, the error is 
calculated to contribute 9 ps of noise at Ku-band. 

Variation with elevation is neglected because the effective 
angle of traversal through the ionosphere never falls below 
about 23 degrees. For VLBI systems, this error source is 
neglected, being far below measurement system noise. 
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A. 2. 2. 5 Measurement Noise 


The measurement noise values for PRTS, MPRTS, and AKuRS are 
listed in Tables A. 2-10 through A. 2-12. See 
Sections 3 and 4 and Appendix C of this report for a 
discussion of the calculation of these noise values. 

The VLB I measurement precision calculation is presented in 
Section 5.1.8. The result shows that the contribution of 
measurement noise observing ATDRS is 2 ps for group delay, 
0.87 ps for phase delay. In the quasar-calibrated systems, 
the noise on the quasar measurements is larger: 62 ps and 

0.8 ps . 

An additional system noise-like effect occurs in the VLBI 
systems from the phase-calibration system. This comes from 
the limited precision of measurement of that signal and from 
environmental sensitivities. In current Crustal Dynamics 
Project (CDP) systems, the latter are thought to contribute 
about 15 ps of error and the former less than 5 ps . Using 
the current CDP system, the error due to SNR would be 
greatly increased under some circumstances; however, it is 
expected that some optimization of signal levels would 
reduce effects to nearby the current values. 

For the phase delay systems, an additional noise 
contribution occurs due to errors in synchronizing local 
oscillators at the antennas to the array master clock. This 
is estimated at the VLA to add noise of about 3 ps . For 
phase delay systems, this noise source and measurement noise 
are both dwarfed by noise due to atmospheric fluctuations. 

A. 3 VLBI QUASAR SIMULATION RESULTS 

The VLBI quasar system consists of two VLBI networks, one 
for ATDRS-E (stations cl, c2, ce) and one for ATDRS-W 
(stations cl, c2, cw) . Table A. 3-1 (Figure A. 3-1) shows the 
OD results for ATDRS-E using only VLBI measurements. The 
error results are acceptable until the data arc becomes 
shorter than 6 hours. For these short arcs, measurement 
noise dominates the orbit solution, and the total 
orbital-position error exceeds the required 75 m. The 
errors for ATDRS-W (shown in Table A. 3-2 and Figure A. 3-2) 
show a similar pattern. 

The addition of range measurements (range sigma = 1 m) from 
WHS greatly improves the 1- and 2-hour short arc solutions 
and moderately improves the 12- and 6-hour arc solutions so 
that all arcs meet the 75-m requirement. (See Table A. 3-3 
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Table A. 3-1. 


ATDRS-E Orbit Errors Using VLBI-Q Without 
Range Data 


Arc 

Length 
f hours ) 

Data Characteristics 

Maximum Position 
Error in 

Definitive Period (m) 

30 

No range 

33 

cl trop 
A1 - Utl 

(21) 

(18) 

• 24 

No range 

33 

cl trop 
al-utl 

(21) 

(18) 

18 

No range 

41 

cl trop 
c2 trop 

(24) 

(22) 

12 

No range 

48 

c2 trop 
cl trop 

(32) 

(24) 

6 

No range 

62 

noise 
c2 trop 

(40) 

(31) 

2 

No range 

647 

noise 
c2 trop 

(643) 

(55) 

1 

No range 

3432 

noise (3231) 
c2 trop (67) 
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Figure A. 3 1. Maximum Definitive Position Error for VLBI-Q ATDRS- 



Table A. 3-2. ATDRS-W Orbit Errors Using VLBI-Q Without 
Range Data 


Arc 

Length 

Data Characteristics 

Maximum Position 
Error in 

Definitive Period (m 

30 

No range 

34 

cl trop 
A1 - Utl 

(21) 

(18) 

24 

No range 

43 

c2 trop 
cl trop 

(25) 

(24) 

18 

No range 

43 

,c2 trop 
cl trop 

(25) 

(24) 

12 

No range 

64 

c2 trop 
cw trop 

(48) 

(24) 

6 

No range 

70 

noise 
c2 trop 

(50) 

(41) 

2 

No range 

909 

noise 
c2 trop 

(907) 

(54) 

1 

No range 

4154 

noise (4153) 
c2 trop (76) 
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Figure A. 3-2. Maximum Definitive Position Error for VLBI-Q — ATDRS-W 



Table A. 3-3. ATDRS-E Orbit Errors Using VLBI-Q With 
Range Data 


Arc Maximum Position 


Length 

(hours) 

Data Characteristics 

Error in 

Definitive Period (m) 

30 

Range; sigma = 1.0 m 

35 

cl trop 
A1 - Utl 

(23) 

(18) 

30 

Range; solve for range bias 
noise sigma = wt . sigma 
= 1 m 

32 

cl trop 
A1 - utl 

(21) 

(18) 

30 

Range; solve for range bias 
noise sigma = 1 m; wt. 
sigma = 3 m 

33 

cl trop 
A1 - Utl 

(21) 

(18) 

24 

Range; sigma = 1.0 m 

40 

cl trop 
A1 - Utl 

(27) 

(18) 

18 

Range; sigma = 1.0 m 

42 

cl trop 
A1 - Utl 

(27) 

(18) 

12 

Range; sigma = 1.0 m 
1 meas/ 30 min 

46 

c2 trop 
cl trop 

(29) 

(22) 

12 

Range; sigma = 1.0 m 
1 meas/ 10 min 

46 

c2 trop 
cl trop 

(30) 

(22) 

6 

Range; sigma = 1.0 m 

44 

c2 trop 
cl trop 

(27) 

(20) 

2 

Range; sigma = 1.0 m 

43 

c2 trop 
cl trop 

(24) 

(20) 

1 

Range; sigma = 1.0 m 

43 

c2 trop 
cl trop 

(24) 

(20) 
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and Figure A. 3-1.) The large improvement in the short arcs 
is the result of the improved knowledge of the satellite 
range and, thus, the satellite orbit's semimajor axis. The 
longer arcs provide enough geometrical information to fix 
this orbital parameter and are not greatly improved by the 
addition of range data. 

Although the results in Table A. 3-3 were obtained with range 
measurements precise within 1 m, the studies of the effect 
of varying the range sigma demonstrate that, even if the 
range sigma is increased to 100 m, the range measurements 
will provide enough strength in the short-arc orbital 
solution to bring the maximum position error below the 
required 75 m. 

Results for ATDRS-W using range measurements are shown in 
Table A. 3-4 and Figure A. 3-2. These results are similar to 
the corresponding results for ATDRS-E. Although no studies 
of the effects of varying the range sigma were made for 
ATDRS-W, it is likely that results comparable to those of 
the ATDRS-E study would be obtained. 

Tables A. 3-5 and A. 3-6 present a summary of the VLBI-Q 
prediction results for ATDRS-E and ATDRS-W, respectively. 
These tables show that, whereas many simulations can achieve 
orbit accuracies of less than 75 m in the definitive period, 
only the longest arcs (30 and 24 hours) can achieve this 
goal over three days of prediction. 

A. 3.1 RANGE SIGMA SIMULATION RESULTS 

To examine the effect of range noise on the tracking system 
performance, several simulations have been made using the 
VLB I quasar tracking system supplemented by range 
measurements from WHS. The noise on the range measurements 
has been varied widely to show the contribution of these 
measurements to ATDRS OD. 

Tables A. 3-7 and A. 3-8 show the effects of varying the range 
sigma in data arcs of 2 hours and 1 hour, respectively. 

These results are also plotted in Figure A. 3-3. It is clear 
that, for these arc lengths, using range data of any 
precision provides a better orbital solution than solutions 
in which no range data is used. Furthermore, at least with 
respect to the orbital error during the data arc, lowering 
the range sigma below 30 m does not significantly improve 
the solution. The effect of the range sigma becomes more 
pronounced if the orbit error in the predicted position long 
after the data span is considered, as shown in Table A. 3-9. 
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Table A. 3-4. 


ATDRS-W Orbit Errors Using VLBI-Q With 
Range Data 


Arc Maximum Position 

Length Error in 

Ih.Qyrg) Data Characteristics Definitive Period (ml 


30 

Range; sigma = 

1.0 

m 

36 

cl trop 
A1 - Utl 

(23) 

(18) 

24 

Range; sigma = 

1.0 

m 

40 

cl trop 
A1 - Utl 

(27) 

(18) 

18 

Range; sigma » 

1.0 

m 

40 

cl trop 
A1 - Utl 

(26) 

(18) 

12 

Range; sigma = 
1 meas/ 10 min 

1.0 

m 

49 

c2 trop 
cw trop 

(34) 

(20) 

6 

Range; sigma = 

1.0 

m 

55 

c2 trop 
cw trop 

(40) 

(23) 

2 

Range; sigma = 

1.0 

m 

53 

c2 trop 
cw trop 

(37) 

(21) 

1 

Range; sigma = 

1.0 

m 

53 

c2 trop 
cw trop 

(36) 

(20) 


2055/0025f 


A-38 


Table A. 
Arc 

Length 
( hours ) 

3-5. VLBI-Q Orbit- 
Data 

Characteristics 

Prediction Errors Using ATDRS-E 

Maximum Position Error (m) 

Def . 

Period 1 Dav 2 Dav 3 Day 

30 

Range data 

35 

54 

77 

101 

30 

Solve range bias 
noise = wt . = 1 m 

32 

37 

49 

66 

30 

Solve range bias 
noise = 1 m; wt. = 
3 m 

33 

37 

49 

64 

24 

Range data 

40 

69 

100 

133 

18 

Range data 

42 

75 

113 

152 

12 

Range data 

46 • 

74 

116 

158 

6 

Range data 

44 

84 

136 

190 

6 

Solve range bias 

45 

80 

141 

207 

2 

Range data 

43 

217 

419 

623 

2 

Solve range bias 

45 

332 

658 

986 

1 

Range data 

43 

737 

1454 

2171 

30 

No range data 

33 

38 

50 

66 

24 

No Range data 

33 

37 

52 

71 

18 

No range data 

41 

65 

111 

160 

12 

No range data 

48 

208 

401 

596 

6 

No range data 

62 

952 

1899 

2847 

2 

No range data 

608 

21341 

42816 

64298 

1 

No range data 

3432 

122143 

244833 

367551 
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Table A. 3-6. VLBI-Q Orbit-Prediction Errors Using ATDRS-W 


Arc Maximum Position Error (m) 

Length Data Def. 


(hours) 

Characteristics 

Period 

1 Dav 

2 Day 

3 Dav 

30 

Solve range 

33 

39 

55 

75 

30 

Range 

36 

43 

66 

94 

24 

Range 

40 

45 

76 

112 

18 

Range 

40 

47 

84 

127 

12 

Range 

49 

55 

89 

134 

6 

Range 

55 

64 

112 

169 

6 

Solve range 

55 

101 

165 

234 

2 

Range 

53 

213 

424 

638 

1 

Range 

53 

764 

1508 

2252 

30 

No range 

34 

38 

48 

64 

24 

No range 

54 

77 

106 

139 

18 

No range 

43 

64 

93 

126 

12 

No range 

64 

147 

274 

404 

6 

No range 

70 

1050 

2092 

3134 

2 

No range 

909 

30590 

61771 

92614 

1 

No range 

4154 

15503 

300446 

450416 
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Table A. 3-7. Range-Sigma Effects on ATDRS-E Orbit Errors 
Using VLBI-Q (2-Hour Arcs) 


Arc 

Length 

(hours) 

Data 

Characteristics 

Maximum Position 
Error in 

Definitive Period (m 

) 




Bias : 

3 

30* 



2 

No range 


647 


noise 

(643) 







c2 trop 

(55) 

2 

Range 

Sigma = 

100.0 m 

58 

65 

noise 

(41) 







c2 trop 

(23) 







rbias 

(3) 

2 

Range 

Sigma = 

30.0 m 

45 

54 

c2 trop 

(24) 







cl trop 

(19) 







rbias 

(3) 

2 

Range 

Sigma = 

10.0 m 

43 

52 

c2 trop 

(24) 







cl trop 

(19) 







rbias 

(3) 

2 

Range 

Sigma = 

3.0 m 

42 

52 

c2 trop 

(24) 







c2 trop 

(19) 







rbias 

(3) 

2 

Range 

Sigma = 

1.0 m 

43 

52 

c2 trop 

(24) 







cl trop 

(20) 







rbias 

(3) 

2 

Range 

Sigma = 

0.3 m 

43 

52 

c2 trop 

(24) 







cl trop 

(20) 







rbias 

(3) 

2 

Range 

Sigma = 

0.1m 

43 

52 

c2 trop 

(24) 







c2 trop 

(20) 







rbias 

(3) 

*The 30 m 

error 

computed 

from error 

(30) 2 

= error(3) 2 - 


3 2 + 3 0 2 
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Table A. 3-8. Range Sigma Effects on ATDRS-E Orbit Errors 
Using VLBI-Q (1-Hour Arc) 


Arc 

Length 

(hours) 

Data Characteristics 

Maximum Position 
Error in 

Definitive Period (m) 

1 

No range 


3432 noise (3 

231) 




c2 trop 

(67) 




rbias 

(3) 


1 

Range 

sigma 

= 

100.0 m 

74 

noise 

(62) 







c2 trop 

(24) 







rbias 

(3) 

1 

Range 

sigma 

— 

30.0m 

47 

c2 trop 

(24) 







noise 

(23) 







rbias 

(3) 

1 

Range 

sigma 


10.0 m 

43 

c2 trop 

(24) 







cl trop 

(19) 







rbias 

(3) 

1 

Range 

sigma 

= 

3.0 m 

43 

c2 trop 

(24) 







cl trop 

(20) 







rbias 

(3) 

1 

Range 

sigma 

s 

1.0 m 

43 

c2 trop 

(24) 







cl trop 

(20) 







rbias 

(3) 

1 

Range 

Sigma 


0.3 m 

43 

c2 trop 

(24) 







cl trop 

(19) 







rbias 

(3) 

1 

Range 

sigma 

- 

0.1m 

43 

c2 trop 

(24) 







cl trop 

(19) 







rbias 

(3) 
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Table A. 
Arc 

Length 

(hours) 

2 

2 

2 

2 

2 

2 

2 


3-9. Range Sigma Effects on VLBI-Q Orbit Prediction 
Errors Using ATDRS-E 


Data 

Characteristics 


Maximum Position Error (m) 
Def . 

Period 1 Dav 2 Dav 3 Dav 

Range 

sigma = 

0.1 

m 

43 

81 

132 

186 

Range 

sigma = 

0.3 

m 

43 

103 

182 

265 

Range 

sigma = 

1.0 

m 

43 

217 

419 

623 

Range 

sigma = 

3 . 0 

m 

42 

370 

725 

1080 

Range 

sigma = 

10.0 

m 

43 

435 

854 

1273 

Range 

sigma = 

30.0 

m 

45 

539 

1059 

1581 

Range 

sigma = 

100.0 

m 

58 

1124 

2237 

3351 
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Table A. 3-7 also shows the effect of increasing the range 
bias from the nominal value of 3 m to 30 m. The position 
errors for a range bias of 30 m were computed from the 
numbers shown in Table A. 3-7 and from the formula displayed 
at the bottom of the table. It is clear that a large 
increase m range bias will not have much effect on the 
definitive-period position error. Table A. 3-9 shows that 
the range sigma value will affect the 1-, 2- and 3-dav 
predictions of the ATDRS orbital position considerably and 

':„? t case achieves the desired 75 m position error after 
only 1 day of prediction. 
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A. 4 r.KT SIMULATION RESULTS 

The advantage of short-baseline CEI over long-baseline VLBI 
nptworks is that the stations in a CEI are directly 
connected by cables and can synchronize their clocks easily, 
the disadvantage is that its short baselines do not provide 
aood aeometry for measurements to be used in OD Tables 
h t hT -! show OD results for CEI (Alabama) for 
ATDRS-E. Tables A. 4-4 through A. 4-6 show OD results for CEI 
(California) for ATDRS-W. 

This disadvantage shows up very clearly in a comparison of 
ATDRS OD results done with the CEI and with 
quasar-calibrated VLBI systems. Table A. 4-1 (and 
Riaure A 4-1) shows that the CEI, without range data, can 
provide an orbit solution with maximum 

than 75 m only with a 30-hour arc, whereas the VLBI quasar 
(without range data) was able to exceed this c “ b ®g 1 ° n 4 _ 4 i: 
all arcs longer than the 1- and 2-hour arcs. Table A 4 
(Figure A. 4-2) shows that, without range data, the CEI 
system in California cannot meet the 75-m requirement for 
any of the arcs, including the 30-hour arc. 

When range data from WHS is added to the 

Tables A. 4-2 and A. 4-5 (see Figures A. 4-1 and A. 4-2) show 
that the* requirement of 75-m maximum orbital-position error 
during the data arc can be met by the CEI system but only 
?or Sata arcs longer than 12 hours. It should also be noted 
that the range measurements have noise values of 1 m. It 
the future ranging system has a larger noise than this, 

4-h<=>se CEI plus range solutions will be degraded even 
Su^he? Table A. 4-7 (Figure A. 4-3) shows the effect on a 
30-hour ATDRS-E arc of varying the range noise values from 
to 30 m. The effect of increasing the range noise shows up 
most clearly in the predicted error values. If the range 
noise increases beyond 10 m, then even the 1-day predictions 
?rom a 30-hour arc would not satisfy the 75 m position-error 

criterion . 

The OD error results shown in Tables A. 4-1 to A. 4-5 
(Figures A. 4-1 and A. 4-2) indicate that the CEI system would 
be unable to provide any TR solutions for ATDRS using short 
1 - or 2-hour data arcs. 
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Table A. 4-1. ATDRS-E Orbit Errors Using CEI (Alabama) 
Without Range Data 


Arc 

Length 

(hours) Data Characteristi cs. 


Maximum Position 
Error in 

Definitive Period (ml 


30 

No 

range 

71 

noise 

sitel 

(61) 
X (19) 

24 

No 

range 

86 

noise (79) 

A1 - Utl (18) 

18 

NO 

range 

119 

noise 
si te3 

(HI) 
X (22) 

12 

No 

range 

91 

noise 

site3 

(186) 
X (30) 

6 

NO 

range 

468 

noise 

site2 

(465) 
X (28) 

2 

NO 

range 

8132 

noise 

site3 

(8132) 
X (41) 

1 

No 

range 

45772 

noise 

site3 

(45772) 
X (52) 
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Table A. 4-2. 


ATDRS-E Orbit Errors Using CEI (Alabama) 
With Range Data 


Arc 

Length 

XhQurg) Data Character-! sf 


30 

Range data 

30 

Solve range 

24 

Range data 

18 

Range data 

12 

Range data 

6 

Range data 

6 

Solve range 

2 

Range data 

1 

Range data 


Maximum Position 
Error in 
L£S Definitive Period ( m 


40 

rbias ws 

(25) 


noise 

(21) 

44 

al - Utl 

(18) 


sitel X 

(16) 

57 

solrad 

(42) 


rbias ws 

(22) 

69 

solrad 

(53) 


Al - Utl 

(18) 

68 

si te2 X 

(23) 


Al - Utl 

(18) 

77 

site2 X 

(30) 


site3 X 

(24) 

92 

site2 X 

(26) 


Al - Utl 

(18) 

100 

site2 X 

(28) 


site3 X 

(24) 

122 

site2 X 

(25) 


site3 X 

(23) 
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Table A. 4-3. 


ATDRS-E Orbit 
(Alabama) 


Prediction Errors Using CEI 


Arc 

Length 
Ihours ) 

30 

30 

24 

18 

12 

6 

6 

2 

1 

30 

24 

18 

12 

6 

2 

1 


Data 

Charac teristi nc: 

Range data 
Solve range 

Range data 
Range data 
Range data 

Range data 
Solve range 

Range data 
Range data 

No range data 
No range data 
No range data 
No range data 
No range data 
No range data 
No range data 


Def . 


Period 

1 Day 

40 

45 

44 

47 

57 

82 

69 

102 

68 

115 

77 

135 

92 

403 

100 

310 

122 

1171 

71 

105 

86 

163 

119 

366 

191 

1411 

468 

9541 

8132 

2.8 E5 

45772 

1.7 E6 


Error (m) 

2 Dav 3 Dav 

57 73 

57 73 

110 140 

139 189 

168 222 

202 272 
756 mo 

512 732 

2198 3256 

149 196 

257 355 

662 961 

2752 4096 

19047 28556 

5.6 E5 8.4 E5 
3 . 3 E6 5.0 E6 


Maximum Position 
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Table A. 4-4 . 


ATDRS-W Orbit Errors Using 
Without Range Data 


CEI (California) 


Maximum Position 

Arc Error in 


Length 

r*V»a r arfftf ist ics 

pofinit-.ive Period (ml 

(hours). 

No range 

87 

noise (78) 

30 

site3 X (23) 


No range 

103 

noise (97) 

24 

site3 X (22) 


No range 

143 

noise (133) 

18 

site2 X (34) 


No range 

220 

noise (213) 

12 

site2 X (54) 


No range 

519 

noise (514) 

6 

site2 X (47) 


No range 

9741 

noise (9740) 

2 

site2 X (50) 


No range 

58025 

noise (58024) 

1 

sitel X (66) 
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Using CEI (California) 


Table A. 4 
Arc 

Length 

(hours) 

30 

30 

24 

18 

12 

6 

6 

2 

1 


5. ATDRS-W Orbit Errors 
With Range Data 


Maximum Position 
Error in 

Data Characteristics Definitive Period ( ml 


Range 

data 

59 

so 1 rad 
rbias ws 

(43) 

(25) 

Solve 

range 

52 

solrad 
site3 X 

(22) 

(22) 

Range 

data 

40 

rbias ws 
A1 - Utl 

(22) 

(18) 

Range 

data 

60 

solrad 
A1 - Utl 

(39) 

(18) 

Range 

data 

62 

site2 X 
solrad 

(28) 

(22) 

Range 

data 

102 

site2 X 
sitel X 

(50) 

(36) 

Solve 

range 

118 

site2 X 
sitel X 

(42) 

(31) 

Range 

data 

131 

site2 X 
sitel X 

(47) 

(37) 

Range 

data 

159 

site2 X 
sitel X 

(46) 

(36) 


A-51 


2055/0025f 



Table A. 4-6. 


ATDRS-E Orbit 
(California) 


Prediction Errors 


Using CEI 


Arc 

Length 

(hours) 

30 

30 

30 


Data 

Maximum Position Error (m) 
Def . ' 

Character is tins 

Period 

1 Dav 

2 Day 

3 Day 

Solve range 

52 

63 

87 

116 

Range data 

59 

45 

66 

94 

No range data 

87 

123 

170 

223 
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Figure A. 4-2. Maximum Definitive Position Error for CEI ATDRS-W (California) 



Table A. 4-7. ATDRS-E Range Noise Study Using CEI (Alabama) 


Maximum Position Error (m) 


Length 
(hours ) 

Data 

Characteristics 


Def . 
Period 

1 Dav 

2 Dav 
57 

3 Dav 
73 

30 

Solve 

range 


44 

47 

30 

Range 

sigma = 1 

m 

40 

45 

56 

72 

30 

Range 

sigma = 3 

m 

38 

43 

57 

74 

30 

Range 

sigma = 10 

m 

48 

72 

99 

128 

30 

Range 

sigma = 30 

m 

57 

87 

122 

158 
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Figure A. 4-3. Maximum Position Error for CEI (Alabama) (Fixed Range Bias) 



A> 5 VT.RT-2S SIMULATI ON RESULTS 

The VLBI-2S is another form of VLBI tracking system, which 
approaches the problem of remote-station clock 

synchronization from a “ird direct . ^ remote clocks 

2y a obs«v ng Safa.-s^ locked near the ATDRSS satellites and 

s C wLh cables so the clocks -^synchronized 

tlltll lie for these simulations midway in longitude 

SSS - :™S E and = w The system so ves^or the^ 

the clock parameters. 

The VLBI-2S results presented in the following A 5-1 

in two respects . First, an improved estimate of noise in 
the VLBI measurements was used in the Phase II results. 
Second, only measurements from independent baseline 
contributed to the second phase orbit determination 
resets The bases for this latter approach are presented 
a^he start of Section 5. To speed up the analysis part of 
this project, the results of the Phase I were instruments 

for determining which simulations were necessary for the 

Phase II study. We present the Phase I VLBI 2S OD and 
results because a more complete parameter study was done for 
Phase I than for Phase II. 

A. 5.1 PHASE I VLBI-2S TRACKING RESULTS 

Tables A. 5-1 through A. 5-8 show various VLBI OD results for 
ATDRS-E Table A. 5-9 shows ATDRS-E OD results using a 
two-arc OD^solut ion. Table A. 5-10 shows ATDRS-E OD results 
using differential VLBI (DVLBI) . Tables A-5.11 through 
A. 5-14 show OD results for ATDRS-W. 

If only VLBI measurements are used, the solution for 
these parameters is not strong enough to determine the AT 
orbit to the desired precision of 75-m maximum position 
error over the data arc. Tables A. 5-1 through A. 5 3 
(Figure A. 5-1) show the results for various data arcs when 
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Table A. 5-1. 


ATDRS E Orbit Errors Using a 
System (Varying Arc Lengths) 


Dual-Satellite 


Arc 

Length 
(hours ) 


xacterisfrirft 


Maximum Position 
Error in 

Definit ive Perinri fm) 


30 

Range; solve clock aO 

77 

c2 trop 
cl trop 

(51) 

(44) 

24 

Range; solve clock aO 

104 

c2 trop 
cl trop 

(70) 

(60) 

18 

Range; solve clock aO 

115 

c2 trop 
cl trop 

(80) 

( 68 ) 

12 

Range; solve clock aO 

96 

c2 trop 
cl trop 

(67) 

(58) 

6 

Range; solve clock aO 

88 

c2 trop 
cl trop 

(47) 

( 42 ) 

2 

Range; solve clock aO 

146 

noise 
cl ion 

(90) 

(64) 

1 

Range; solve clock aO 

330 

noise 
ce ion 

(311) 

(60) 
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Table A. 5-2. ATDRS-E Orbit Errors Using a Dual-Satellite 
System (30-Hour Arc Lengths) 


Arc 

Length 

(hours) 


Data Characteristics 


Maximum Position 
Error in 

Definitive Period (m) 


30 

Range; solve clock aO 

77 

c2 trop 
cl trop 

(51) 

( 44 ) 

30 

Range; solve clock aO, al 

89 

c2 trop 
cl trop 

( 62 ) 

(53) 

30 

Range; solve all clocks 

89 

c2 trop 
cl trop 

(62) 

(53) 

30 

Range; solve all clocks 
and solve solrad 

90 

c2 trop 
cl trop 

(63) 

(54) 

30 

Range; solve clock aO 
and solve troposphere 

49 

clk3 al 
rbias 

(28) 

(25) 

30 

Range; solve troposphere 

84 

clk3 aO 
clk2 aO 

(53) 

(45) 
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Table A. 5-3 


ATDRS-E Orbit Errors Using a Dual-Satellite 
System Without Range Data (Varying Arc Lengths) 


^ rc Maximum Position 

Length . .Error in 

(hours) Data Characteristics Definitive Period — LOU 


30 

No 

range; 

solve 

clock 

a0 

106 

c2 

trop 

(70) 






cl 

t rep 

(60) 

24 

No 

range; 

solve 

clock 

aO 

106 

c2 

trop 

(70) 







cl 

trop 

(60) 

18 

No 

range; 

solve 

clock 

aO 

108 

c2 

trop 

(71) 






cl 

trop 

(60) 

12 

No 

range; 

solve 

clock 

aO 

111 

c2 

trop 

(76) 







cl 

trop 

(68) 

6 

No 

range; 

solve 

clock 

aO 

135 

c2 

trop 

(77) 







cl 

trop 

(66) 

2 

No 

range; 

solve 

clock 

aO 

1055 

noise (1049) 







c2 

trop 

(75) 

1 

No 

range; 

solve 

clock 

aO 

8968 

noise (8967) 







cl 

ion 

(88) 
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Table A. 5-4. ATDRS-E Orbit Errors Using a Dual-Satellite 

System Without Range Data (30-Hour Arc Lengths) 


Arc 

Length 
(hours ) 

Data Characteristics 

Maximum Position 
Error in 

Definitive Period (m) 

30 

No range; 

solve 

clock aO 

106 

c2 

t rop 

(70) 






cl 

trop 

(60) 

30 

No range; 

solve 

clock 

104 

c2 

trop 

(70) 


aO , al 




cl 

trop 

(60) 

30 

No range; 

solve 

all clocks 

104 

c2 

trop 

(70) 






cl 

trop 

(59) 

30 

No range; 

solve 

all clocks 

104 

c2 

trop 

(70) 


and solve 

solrad 


cl 

trop 

(59) 

30 

No range; 

solve 

clock aO 

3797 

clk2 al 

(2901) 


and tropos 

;phere 



cl 

ion 

(1510) 

30 

No range; 

solve 

all clocks 

2377 

cl 

ion 

(1740) 


and troposphere 



noise 

(1162) 
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Table A. 5-5. ATDRS-E Orbit Errors Using a Dual-Satellite 
System With Different Clock Models 


Arc 

Length 

(hours) 


Maximum Position 
Error in 

Data Characteristics Definitive Period (m) 


6 

Range ; 

solve clock 

aO 

88 

c2 trop 
cl trop 

(47) 

(42) 

6 

Range; 

clk2a0 

clk3a0 

apply clock 
= 0.42, 

= 0.33 

aO 

120 

clk2 aO 
c2 trop 

(62) 

(60) 

2 

Range ; 

solve clock 

aO 

146 

noise 
cl ion 

(90) 

(64) 

2 

Range; 

clk2a0 

clk3a0 

apply clock 
= 0.42, 

= 0.33 

aO 

115 

clk2 aO 
c2 trop 

(58) 

(54) 

1 

Range ; 

solve clock 

aO 

330 

noise 
ce ion 

(311) 

(60) 

1 

Range; 

clk2a0 

clk3a0 

apply clock 
= 0.42, 

= 0.33 

aO 

115 

clk2 aO 
c2 trop 

(58) 

(54) 


2055/0025f 


A-62 


Table A. 5-6 


VLB I— 2 S Orbit-Prediction Errors for ATRS-E 
(30-Hour Arc Lengths) 


Arc 

Length 
(hours ) 

Data 

Characteristics 

30 

Range data; solve 
clocks A0 , A1 

30 

Range data; solve all 
clocks 

30 

Range data; solve 
troposphere 

30 

Range data; solve A0; 
solve troposphere 

30 

Range data; solve all 
clocks; solve solrad 

30 

No range data; solve 
all clocks; solve 
solrad 

30 

No range data; solve 
A0; solve troposphere 

30 

No range data 

30 

No range data; solve 
all clocks; solve 
troposphere 

30 

No range data; solve 
all clocks 

30 

No range data; solve 
clocks A0, A1 


Maximum 

Position Er 

ror (m) 

De£ . 
? er iod 

1 Dav 

2 Day 

3 Dav 

89 

139 

190 

242 

89 

138 

189 

241 

84 

109 

137 

168 

49 

64 

82 

104 

90 

14 0 

191 

243 

104 

111 

131 

161 

8099 

8099 

8121 

8133 

251 

269 

294 

324 

5178 

5177 

5176 

5176 

104 

104 

106 

114 

104 

104 

107 

114 
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Table A. 5-7. 


VLBI-2S Orbit-Prediction Errors for ATDRS-E 
(Varying Arc Lengths) 


Arc 

Length 
(hours ) 

Data 

Characteristics 

Maximum Position Error (m) 
Def. 

Period 1 nav 7 nav 7 naw 

30 

range data; solve 
clock AO 

77 

117 

— J 

159 

o uu jr 

202 

24 

range data; solve 
clock AO 

104 

170 

237 

305 

18 

range data; solve 
clock AO 

115 

202 

292 

383 

12 

Range data; solve 
clock AO 

96 

185 

277 

369 

6 

Range data; solve 
clock AO 

88 

168 

256 

346 

6 

Range data 

120 

225 

347 

471 


TR Arcs 





2 

Range data; solve AO 
nominal clock AO 
sigma 

146 

394 

686 

983 

2 

Range data; predicted 
clock AO sigma^ 1 ) 

116 

397 

736 

1074 

1 

Range data; solve AO 
nominal clock AO 
sigma 

330 

69941 

2933 

4270 

1 

Range data; predicted 
clock AO sigma(l) 

115 

836 

1617 

2400 


NOTE: Clock sigmas of 0.42 and 0.33 meters were used. These 

sigmas ware computed using a 30-hour data arc. 
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Table A. 5-8 


VLBI-2S Orbit-Prediction Errors for ATDRS-E 
Without Range Data 


Arc 

Length 
(hours ) 

Data 

Characteristics 

30 

No range data; solve 
clock AO 

24 

No range data; solve 
clock AO 

18 

No range data; solve 
clock AO 

12 

No range data; solve 
clock AO 

6 

No range data; solve 
clock AO 

TR 

2 

No range data; solve 
AO; nominal clock AO 
sigma 

1 

No range data; solve 
AO; nominal clock AO 
sigma 


Maximum Position Error (m) 
Def . 


Period 

l Day 

2 Dav 

3 Day 

106 

125 

157 

194 

106 

123 

153 

190 

108 

134 

175 

223 

111 

175 

303 

443 

135 

1079 

2136 

3196 

Arcs 




1055 

29346 

58443 

87550 

8968 

282835 

562720 

842675 
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Table A. 5-9. 


VLBI— 2S Orbit Errors Using Two Arc Solutions 
(30 Hours + 2 Hours) 


Data 

Characteristics 

ATDRS-E 


Maximum Position Error (m) 
Def. 

Period +6hr . 1 Day 2 Dav 


Range data; all global 34 

parameters; solve all 
clocks and troposphere 
using data from 1st arc 
only 

Range data; all global 45 

parameters; solve all 
clocks and troposphere 
using data from both 
arcs 

Range data; all global 880 

parameters; solve all 
clocks and troposphere 
and r bias using data 
from both arcs 

ATDRS-W 

Range data; all global 56 

parameters; solve all 
clocks and troposphere 
using data from both 
arcs 


71 206 401 


68 198 383 


888 941 1031 


75 193 375 


3 Day 
596 


570 


1144 


561 
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Table A. 5 10. ATDRS E Orbit Errors Using the VLBI-2S 

System DVLBI Measurements 


Arc 

Length 
(hours ) 


.Ddtd Character! sties 


Maximum Position 
Error in 

Definit ive Period 


30 

Range; solve satellite 
position 

135 

clk3 aO 
clk3 al 

(98) 

(57) 

30 

Range; solve satellite 
position; solve clock A0 

75 

c2 trop 
cl trop 

( 44 ) 

(38) 

30 

Range; solve satellite 
position; solve troposphere 

57 

clk3 aO (26) 
rbias ws (25) 

30 

Range; solve clock A0 
solve troposphere 

57 

clk3 al (33) 
rbias ws (26) 

2 

Range; solve clock A0 

171 

noise 
cl ion 

(115) 

(63) 

2 

Range; solve troposphere 

775 

noise 
cl-ce z 

(766) 

(51) 

2 

Range data 

185 

clk3 aO 
clk2 aO 

(118) 

(112) 
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Table A. 5-11. 


ATDRS-W Orbit Errors Using the VLBI-2S 
System Without Range Data 


Arc 

Length . . 

f hours ) Data Char acteristics 


Maximum Position 
Error in 

Definitive Period (m). 


30 

No 

range; solve 

clock 

aO 

104 

c2 trop (65) 
cl trop (64) 

2 

No 

range; solve 

clock 

aO 

1086 

noise (1081) 
c2 trop (69) 

1 

No 

range; solve 

clock 

aO 

8864 

noise (8864) 
c2 trop (69) 
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Table 


Arc 

Length 
( hours ) 

30 


24 


18 


12 


6 


2 


1 


U5-12. ATDRS-W Orbit Errors Using the VLBI-2S 
System With Range Data 


Maximum Position 





Error in 


Data Characteristics 

Definitive Peri nr! ( 

Range; solve clock 

aO 

84 

c2 trop 

(53) 




cl trop 

(52) 




cl ion 

(20) 

Range; solve clock 

aO 

114 

c2 trop 

(75) 




cl trop 

(73) 




c2 ion 

(25) 

Range; solve clock 

aO 

124 

c2 trop 

(83) 




cl trop 

(80) 




cl ion 

(26) 

Range; solve clock 

aO 

104 

c2 trop 

(68) 




cl trop 

(65) 




cl ion 

(27) 

Range; solve clock 

aO 

101 

c2 trop 

(47) 




cw ion 

(44) 




cl ion 

(38) 

Range; solve clock 

aO 

150 

noise 

(97) 




cw ion 

(65) 




c2 ion 

(48) 

Range; solve clock 

aO 

326 

noise (310) 




cw ion 

(55) 




c2 ion 

(44) 
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Table A. 5-13. ATDRS-W Orbit Errors Using the VLBI-2S 

System With Different Clock Models 


Arc 

Length 

(hours) 


Maximum Posit 
Error in 

Data Characteristics Definitive Peri 


6 

Range; 

solve clock 

a0 

101 

c2 trop 
cw ion 

6 

Range; 

clk2a0 

clk3a0 

apply clock 
= 0.44, 

= 0.41 

aO 

160 

clk2 aO 
c2 trop 

2 

Range; 

solve clock 

aO 

150 

noise 
cw ion 

2 

Range; 

clk2a0 

clk3a0 

apply clock 
= 0.44, 

= 0.41 

aO 

158 

clk2 aO 
c2 trop 

1 

Range; 

solve clock 

aO 

326 

noise 
cw ion 

1 

Range; 

clk2a0 

clk3a0 

apply clock 
= 0.44, 

= 0.41 

aO 

155 

clk2 aO 
c2 trop 


A-70 


ion 

od ( m) 

(47) 

(44) 

(94) 

(89) 


(97) 

(65) 

(90) 

(83) 


310) 

(55) 

(87) 

(81) 
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Table A. 5-14. ATDRS-W Orbit-Prediction Errors Using 

the VLBI-2S System 


Arc 

Length 
(hours ) 

Data 

Characteristics 

Maximum Position Error 
Def . 

Period 1 Dav 2 Dav 

(m) 

3 Dav 
130 

30 

Range data 

84 

84 

= — ~~ -L- 

84 

30 

No range data 

104 

115 

135 

162 

24 

Range; solve clock AO 

114 

114 

119 

193 

18 

Range; solve clock AO 

124 

124 

146 

242 

12 

Range; solve clock AO 

104 

104 

144 

241 

6 

Range data; predicted 
clock AO sigma(l) 

160 

160 

238 

375 

6 

Range; solve clock AO 

TR 

101 

Arcs 

101 

146 

244 

2 

Range data, solve AO; 
nominal clock AO 
sigma 

150 

244 

514 

799 

2 

Range data; predicted 
clock AO sigma ( 1) 

158 

297 

616 

947 

2 

Range data 

150 

244 

514 

799 

2 

No range data ; 
nominal clock AO 
sigma 

1086 

28410 

57057 

85714 

1 

Range data; solve AO 
nominal clock AO 
sigma 

326 

1119 

2395 

3698 

1 

Range data; predicted 
clock AO sigma(i) 

155 

850 

1712 

2578 

1 

Range data 

326 

1119 

2395 

3698 

1 

No range; nominal 
clock AO sigma 

8864 

275806 

554114 

832483 


NOTE: Clock sigmas of 0.42 and 0.33 meters were used. These 

sigmas were computed using a 30-hour data arc. 


2055/0025f 


A-71 



Table A. 5-15. VLBI-2S ATDRS-E ORAN Simulation 

Result Summaries 


Arc 

Length Data Characteristics 


Definitive Predictive 

Accuracy (m) Accuracy (m) 


30 


30 


30 


2 


2 


ATDRS-E+C ; GTR 
Apply Troposphere Height 
Offset 

Largest Def. Errors: 

C2 Trop ( 4 1 ) , Cl Trop(37) 

ATDRS-E+C; GTR 
Solve Troposphere Height 
Offset 

Largest Def. Errors: 
Solrad C(48); Rbias(25) 

ATDRS-E+C; GTR 
Apply Troposphere Height 
Offset 

Largest Def. Errors: 

Cl Trop( 51) , C2 Trop(45) 

ATDRS-E+C; GTR 
Apply Troposphere Height 
Offset 

Largest Def. Errors: 

C2 Trop ( 43 ) , Cl Trop(40) 

ATDRS-E+C; GTR 
Solve Troposphere Height 
Offset 

Largest Def. Errors: 

Rbi as ( 25 ) , A1-UT1(18) 


67 


62 


67 


77 


47 


100, 136, 181 


64, 70, 80 


100, 136, 181 


99, 225 


51, 202 
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Arc 

Lenat 

30 

30 


30 

30 


2 

2 

NOTE: 


Table A. 5-16. VLBI-2S ATDRS-W ORAN Simulation 
Result Summaries 


h Data Character istics 


Definitive Predictive 

Accuracy fm) Accuracy 


ATDRS-W+C; GTR 72 

Apply Troposphere Height 
Offset 

Largest Def . Errors: 

C2 Trop (4 1 ) , Cl Trop ( 3 7) 

ATDRS-W+C; GTR 121 

Solve Troposphere Height 
Offset 


Largest Def. Errors: 

CW Ion(71), Solrad 
C( 66) 

ATDRS-W+C; no GTR 102 102, 106, 112 

Apply Troposphere Height 
Offset 

Largest Def. Errors: 

C2 Trop( 56) , Cl Trop(51) 

ATDRS-W+C; no GTR 6482 6484, 6491 

Solve Troposphere Height 6493 

Offset 


Largest Def. Errors: 

Cl Ion( 5073 ) , Solrad 
C ( 3 208 ) 

ATDRS-W+C; GTR 127 

Solve Troposphere Height 
Offset 

CW Ion(58), Solrad 
C ( 42 ) 

ATDRS-W+C; GTR 99 

Apply Troposphere Height 
Offset 

Cl Trop (4 6 ) , C2 Trop(54) 


Prediction accuracies listed for 30 hr arcs are for 
1/ 2 and 3 days, respectively. 


Prediction accuracies for 2 hr arcs are for 6 hour 
and 1 day, respectively 
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Figure A. 5-1. Maximum Definitive Period Position Error for ATDRS- 
Dual Satellite With and Without Range Data 


ATDRS-E is tracked with only measurements and oniy the 

remote clock biases are calculated. None of tne a 

satisfies the oj^ATDRi^with onl^VLBI measurements. Here 
shows results for ATDRb w wiun o y 30-hour arc. The 

the OD for ATDRS-W 13 relative to ATDRS-E is the higher 

source o£ ^is improvement r, alal true to AT tracking 

elevation of ATDRS-W as seen Dy one « tropospheric 

network, with the consequent reduction in tne r y R 
errors that are the major error sources in this system. 

Table A. 5-6 shows various simulations for a 30-hour arc of 
VLB I measurements tracking ATDRS-E:. 

solving for additional clock parameters (linear ana 

to solve for the troposphere parameters in addition 
clock parameters result in extremely poor soj^ions. 

Because the satellite is almost stationary with respect 
the 3 tracking station, there is little variation in its 

^:s^iria^r^ans. th ?hrS^c^hils^a?^e?e? g 

troposphere^n^clock^ia^cannot^separate ameters 

and results in a very poor solution. 

When range measurements from WHS are added to the solution, 
the results are much better. Table A. 5-1 ?j£ 
show the results for various data arc for .*™?® clock 

with VLB I and range measurements and solving f almost 

hias The 30-hour arc produces a maximum 77 m error, almost 
satisfying the OD criterion. Table A.5-2 shows what happens 
when other parameters are calculated (as in Table ^ | 

the no range case) in the presence of range . • The best 
results are obtained when the remote clock bias and the 
troposphere parameters are solved for (see Figure A. 5 1). 

The range data from White Sands allows the separation 
between^the constant clock bias and the almost constant 
troposphere effects, giving a solution with only 49 
maximum position error. 

Tables A. 5-12 and A. 5-13 and Figure A.5-2 show the results 
for ATDRS-W tracked with VLBI measurements and range from 
WHS using various data arcs. These results are much better 
than the ATDRS-E results, with all arcs from 6 hours 
hours giving maximum orbital position errors below 45 m 
The superiority of these results is a consequence of the 
higher P elevation of ATDRS-W at the tracking stations, which 
greatly reduces the tropospheric errors, the major source of 
error for this system. 
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Table A 5-5 compares the results for ATDRS-E from some snort 
data arcs (12° and 6 hours) with solved-for clock biases 
and results for arcs where the clocks are not solved for but 


values ro: 


•;-bias uncertainties determined on a jO nour 
arc are aoolied as unmodelled parameters. These results are 
also plotted in Figure A. 5-3. The rationale for this 
approach is that, at the time of a satellite maneuver, 
satellite has been tracked tor 30 hours, and the emus * iav -' 
been solved to a certain level of accuracy. If the 
aosumtjrirn is made that the clock synchronization wiL nou 
chargo amo-eciablv in the next few hours, the clock 
parameters determined during the previous 30 hours can be 
used, with no clock solution performed in the TR orbital 
solution. Applying unmodelled clock biases reduces the 
total position error for the noise-dominated 1- and 2-hour 
arcs but makes the 6-hour arc worse; in none of these cases 
is the total orbital error small enough to be acceptable. 
This same approach for the ATDRS-W satellite is shown in 
Table A. 5-14 (and in Figure A. 5-4) and is again a failure. 


Another variation on the VLBI-2S system has been tried. 

This technique takes one VLBI measurement of the second 
satellite and combines it with a DVLBI measurement involving 
ATDRS and the second satellite. The DVLBI measurement is 
the difference between the time delay of signals from ATDRS 
as seen by two tracking stations and the time delay of 
signals from the second satellite as seen by the same two 
tracking stations. Subtracting these time delays may cancel 
some of the effects due to atmospheric refraction. 

Table A. 5-10 shows the results obtained with the DVLBI 
measurements. The results obtained by solving for the 
troposphere parameters, either with or without the 
clock-bias parameter, provide good determination of the 
ATDRS-E orbit, with a maximum orbital error of 57 m. 

Two-hour arcs are still not acceptable in terms of orbit 
error. Figure A. 5-4 compares the results obtained using the 
VLBI data with range, solving for clock bias, and the DVLBI 
measurements, solving for clock bias only and solving for 
clock bias and troposphere. 


Another approach to the problem of TR using the VLBI 2S 
system assumes that TR will take place shortly after some 
event that requires a new orbit to be determined for the 
satellite (such as an orbital maneuver) and that this event 
will be preceded by a 30-hour tracking period. If this 
scenario is valid, a two-arc OD can be performed solving for 
ATDRS and the overhead satellite orbits before the event, 
using the 30-hour arc, and using a 2-hour arc after the 
event. The clock parameters and the troposphere parameters 
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mav be calculated using data taken from either the first arc 
only or from both arcs. This approach allows determination 
of the clock parameters from the long arc before the event 
and does not require the assumption that the clock 
parameters will remain constant into the future during the 
TR arc (as is done in simulations shown in Table A. 5 5)/ 
these parameters can be determined using data from this 

period . 

The results obtained using this approach are shown in 
Table A. 5-9. The difference in the first two runs is tha 
the first run solves for the clock and troposphere 
parameters using only data in the first arc, whereas the 
second^ run uses data from both arcs. Using data from both 
arcs gives a slightly worse definitive-position error, but 
all errors after that are slightly smaller than those 
obtained using only one arc. The overall difference in the 
results for these cases is not significant, and both ru 
give acceptably small errors for the definitive P e “°J 
for 8 hours thereafter. Because the major sour ^°f error 
in the second run was the range bias error, an attempt was 
made to solve for the range bias-in the third case. This 
obviously does not work because all of the solved for 
parameters— clock bias, troposphere, and range bias- are 
similar to range biases and are highly correlated with the 
range bias. Solving for all these correlated parameters 
simultaneously is not possible, and it increases the 
tremendously. The fourth run shows the results for ATDRS 
using both arcs for the solution of the clock and 
troposphere parameters. 

In summary, the VLBI-2S system is very complex, and severai 
approaches to using it remain to be studied. The most 
promising technique for the long arc, nominal OD uses range 
data from WHS and requires that the clock parameters and 
(especially) the troposphere parameters be calculated. Tne 
results from this VLBI-2S Phase I study show that t his 
provides acceptable OD for both ATDRS-E and ATDRS -W. The 
technique of solving for the clock and troposphere 
parameters with a 30-hour arc followed by a 2-hour arc 
provides acceptable levels of satellite-position error in 
short-arc TR. 

A. 5. 2 SECOND PHASE VLBI-2S TRACKING STUDIES 

During the second phase of this study, the VLBI-2S (two 
satellite) system was studied in greater detail. In 
particular, the measurement noise values used in the 
simulations and other aspects of the ORAN simulation method 
were reviewed and modified. 
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ORAN results presented in this section are based on the 
noise values presented in Table A. 5-17. 


Table A. 5-17. 7LBI-2S Phase II Noise Values 


Baseline 

Satellite 

Noise value 

C1-C2 


. 074 

Cl-CE 

2 

. 056 

C2-CE 

E 

.060 

C1-C2 

c 

. 023 

Cl-CW 

c 

. 022 

Cl-CE 

c 

. 022 

C2-CE 

c 

. 023 

C2-CW 

c 

. 023 

C1-C2 

w 

. 078 

Cl-CW 

w 

.061 

C2-CW 

w 

.062 

VLBI-2S ORAN 

Clock Modelling 



In the VLBI 2S tracking system, each station has an its own 
clock which is not calibrated in advance to support the VLBI 
orbit determination solution. For VLBI, the individual 
station times need only be determined relative to each other 
rather than to some absolute time standard. The clock 
biases and rates must therefore be solved for as a part of 
the orbit determination process. The assumed quadratic 
model for the clock offsets implies: 


fc n = 


+ A^ A 2 t' 


T n = fc n " = A 0 + (A 1 “ 1 > t + A 2 fc2 


where t^ is the relative time for each station n and t 
is the absolute time. The Tn ' represent the station clock 
errors. A 0 , A]_, A 2 are the parameters to be 
determined . 

Since only relative time is required we choose t]/ = t=> 

T^ = 0. Thus, quadratic clock offsets can be modeled for 
three stations can be modeled by just two sets of three 
parameters. 
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A. 5. 2. 2 Number of Baselines Used in ORAN Simulations 


VLB I measures the range difference from the satellite to 
stations located at both ends of a given baseline. Suppose 
that we are using a three station (SI, S2, S3) 
interferometric network as shown in the figure below. The 
station clock errors propagate into the VLBI measurements as 
follows. On the baseline between SI and S2, the SI and S2 
clock errors would be applied except that we have chosen the 
former to be zero. Similarly, only S3 clock errors are 
applied to the S1-S3 baseline. For the third (S2-S3) 
baseline both S2 and S3 clock errors need be applied which 
result in interferometric measurement clock errors that are 
proportional to the difference of the clock errors of each 
of the stations. 


S3 



Figure A. 5-5 Generic Three Station VLBI Network and Delays 

In modeling interferometric measurements, we assign a noise 
value to each measurement. Noise derives from non-modeled 
random varying effects. These effects may be classified as 
either baseline dependent or station dependent. Types of 
station dependent noise include propagation delays in the 
troposphere and ionosphere as well as timing errors. The 
baseline dependent errors arise from limited SNR in 
detecting both the satellite signals and the phase 
calibration signals. 

For data with low thermal noise, the baseline dependent 
errors are negligible. In that case the delays around a 
closed loop add to zero, i.e. 

°12 + °23 + °31 = ^ r l " r 2 ^ + ^ r 2 “ r 3^ + * r 3 ~ r l^ 


where D mn are the delay differences found on each baseline 
and r^ are the site delays. It follows that the delay 
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measurements from any one oftl^emainii^ 

predict the measurements of the gaining related< This is 
truf even" in^heTase'tha^ the station dependent noise is 
quite large. 

, , 3 i * . un satellite system, a typical noise 

For the conceptual two sateun-c * 

budget i s : 


receiver noise 2ps 
phase cal noise lOps 
ionosphere noise 15ps 
troposphere noise 60ps 


baseline 

baseline 

station 

station 


in this caae ^ h g h £ aselin^noise 6 ^I^modeling using only 
‘tSc'S °thrL th bIs d li^s n shoSld thus be a -od approbation 
of the actual system, giving, in this case, oniy ^ 

baslunf should givf arov5?estimate of performance due to 

the neglect of large correlations among the inpu 
measurements . 

For variants of the two satellite system where the thermal 
noise (i.e. baseline dependent). aa hould be 

tie input^observations a are^largely uncorrelated. 

;^4us r"®” 

stations Observe measurement s^are^domina ted 

by station noise. In this case oiuy 
be used (the ones connected to Cl). 

A. 5 . 2 .3 Phase 11 ATPRS VLB I - 2S ORAN Result s 

The results for the second phase of VLBI-2S simulations for 
both ATDRS-E and ATDRS-VJ ?^ellites are listed^ 

rn^bolh the S ATDRS-E(w^°and S ATDRS- C 3 satellites . 

of ATDRS-E (W) . This method provided more data for the 
determination of clock parameters required for accurate^ 

?he U Sse n of ranging 1 ” (GTR^ and whe^tlr the troposphere height 
was solved for. 
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so lut ions°a re 9 also X seen r to exhibit °? nurabers ' the VLBI-2S 
tTorlti errors 9 in°excess°of h 5km f o r 9 ^^^/ 68 ^' 8 

unknown aspects of fho : aidk£>-w. Due to 

height (with GTR) improves the^olnf^^f^ 1 the tr °P° sher e 
degrades it for ATDRS-S rh^ , l °", for ATD ®S-E and 

large correlations (>.99 99 f L tjfso fuJio^of eXhibited 
parameters and also the* atdpq-c ^ solution of some 
severely degraded. orbit determination was 

maximum error during^t tetlTd^f ^ f esu f ts ' the 

period is sometimes 9 better P th^n d ^ f0 ^ e . f F rst Predictive 
situation arises when the dom-in a. 6 de ^ ini fc lve period. This 
simulation arfperioSic and do no^ f ? r 3 given 

first predictive period. fc haV ® 11,3X111,8 during the 

A * 6 v^bi-33 satellite sys tem resuuts 

three satellit^system^LBI 3 ^! 111 *0 wha £. may be termed the 
taken in the sL^way and b^ fhe ° peratl °nally, data is 
conventional VLBI-2S 7 ?hp b J-££ equipment as for 

approaches lies L?irei?in ^f ere ^ between these 

analysis. In thS th^e saJe^ff" 16 ^^ °f tra ^ing data 
both ATDRS-E and ATDRS-W ar^i if Sr, Va f 1 f tX ? n ' the data from . 
third satellite, ATDRS-c. ?hP ^?- ate ? the dat a from a 

approach stems from the iaJ fh^- 0 " 318 behina this 
method of solution the orMt*!!?* ln conventional VLBI-2S 
relative clock o«set?o? ?i3 ? lement f ° f ATDRS-C and the 
determined twice o^e i^ 3 ? central stations are 

for the solution of ATORS-W 5niti™ n .-3 0r ATDRS - E a nd again 
solutions into a sinoio * . . ni tmg these separate 

better determination! overall* 0 * 1 determination should yield 

shows marked 0 ^?^^!?^^ 1 ?!!^? f ° r thiS alterna tive 
orbit solutions P (Lr?!birr6 nn CO ? v ?? tional VLBI "2S 

require GTR from Whitp 1 '*. 0D solutions do not 

for the longest prediction periods ^TR®?!; 3CCU F acy Goals 
ensure accurate TR solution! a^ t^se ?! cni r f? uired . to 
requrre determination of troposp3e« hligh? " " lU 

A ' 7 KlL " BflMp w>rni1 I WTRRffp owft rv BRgm . Ta „„ r T m 

that°^uld U be obfainfd^fa'K^banrb 5 th6 ° rMt accura ^es 
sufficient band with for ATnRQ ^ ana beacon were available of 
advantage of such a vlbLku sv.3f aCkln9 - The Principal 
VLBX-2S system is tH^r^HtltioT'os^^io^^e 6 ^ 


2055/0025f 


A-84 



Table A. 6-1 VLBI-3S ORAN Simulation Summary 


Arc 

Length 

30 


2 


NOTE: 


nat-a Characteristics 


Definitive 
Accuracy (mj 


Predictive 
Accuracy (m) 


VLB I -3 S ATDRS-E+W+C; 
no GTR 

Apply Troposphere Height 
Offset 

67 68 72 ' 82 

70 69 75 85 


ATDRS-E 

ATDRS-W 


Largest Definitive Errors: 

ATDRS-E - Iono(36), Trop 
(35) 

ATDRS-W - Iono(38), Trop 
(37) 

VLBI-3S ATDRS-E+W+C; GTR 
Solve Troposphere Height 

ATDRS-E 

ATDRS-W 


73 217 

85 217 


Largest Definitive Errors: 

ATDRS-E - Rbias(25), Al- 
UT1 ( 18 ) 

ATDRS-W - Solrad(26), 

Rbias ( 37 ) 


Prediction accuracies listed for 30 hr arcs are for 
1, 2 and 3 days, respectively. 


Prediction accuracies for 2 hr arcs are for 6 hours 
and 1 day, respectively. 
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longer restricted to the SGL footprint 
baseline lengths, more accurate trackiAq 
m the presence of greater signal noise 


By using longer 
should result, even 


The considered system uses the so called tutc » Q i. , 

Westf ord , MA; Richmond FL; ?ort DaJ? S Ts^stem 

oise somewhat larger than that for VLBI-2S was chosen 

of VLBI 2s rbl o^ rl J y ' ° the,rwlse ' the system resembles that 
of VLBI-2S. Only tracking of the ATDRS-E was considered? 

As shown in Table A. 7-1, the OD results for ATnpc x? 
outstanding both for the predictive and definitive periods 

Ssjsir 

maintained only for 4 hours in the predictive period. 


Table A. 7-1 VLBI-KU ATDRS-E Run Result Summaries 


Arc 

Lenqth — Data C haracterisf.i rs 

30 ATDRS-E+C; no GTR 

Apply Troposphere Height 
Offset 


Definitive Predictive 
Accuracy (m) , Accuracy fml 

23 29, 43, 59 


Largest Def. Errors: 
A1-UT1 ( 18 ) , FTD Ion(8) 

ATDRS-E+C; no GTR 
Apply Troposphere Heiqht 
Offset 

Largest Def. Errors: 
Noise(24 ) ; A1-UT1(18) 


122, 877 


NOTE: 


A. 8 


l 16 ^ 1 ^ 0 ? accuracies listed for 30 hr arcs are for 
1, 2 and 3 days, respectively. 


a£d d i C ^° n accuracies fo r 2 hr arcs are for 
and 1 day, respectively. 


6 hours 


V LBI AIDED BY HYRRID INTERFEROMETRI C TRArKTwg OF nps 


t conceptuai 

(including spares) of 24 GPS satellites ? 
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the VLBI GC in the method of GPS satellite tracking. The 
carrier phase of the LI and L2 downlinks is used for 
generation of the phase observable. Group delay is used at 
start of each pass of each GPS satellite to establish the 
starting Phase bias. Because two frequencies are used, it 

th ^ t *.J he lonos P here delay errors are completely 
calibrated and thus are not applied in the ORAN error 
analysis . 

nSL VL?I tYPe is used for the GPS measurements in the 

i™~ atlons ' Both a range difference noise (5 cm) and 
range difference bias (15 cm) were assumed for the 

A^r^5^ erenCe measuremen t . As is the case for VLBI-GC the 

mZf; E an ? AT ^ S ' W satellites are tracked in the sam4 
manner as for the VLBI-2S system, 

wi?h V the'?a,? D ^ C ;j a ^° ?° nS if tS ° £ 48 houts o£ GPS tracking 
. irUi, fc S e la f fc 30 of whlch either the ATDRS-E or ATDRS-W is 

ators trackS B ^? H I R s « na r° is the same except the 
atdrs is tracked only for the last 2 hours of GPS tracking. 

Generally, the results displayed in Tables A 8-1 anil a « 

GP V a , tellit * s adequat ^calibration 2 

ATDRS f E ni ti» e v? eri ? <S r ?? ults £or the ATDRS showed that 
atdrs-E, the 75 m tracking goal is nearly met without ttr 

anging for both ATDRS-E and ATDRS-W. This result was 

the solution of troposhere height for each 
ground station. With the addition of GTR, the trackina coal 
for definitive period is met for VLBI-GH. g ^ 

period^trackin^accuercie^were'^generally^ell^aintained 
guLt i rtL r n\\o^% r hlr«rnot Sin ?t r -s 9 ?ik^ a ttUT* ^ 

studies of this technique would reveal optimal use of 0 *^ 
ranging data in such orbital solutions. 

TR results do not meet the tracking goals for either the 

systematic in period ‘ The dominant errors were 

delays nat ure due to unmodelled ionosphere path 
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Arc 

Length 


30 


30 


30 


30 


2 


Cable A 


8-1 


VLBI-GH ATDRS-E Run Result 


Definitive 

Data Characteristics Accuracy L 

ATDRS-E+C; No GTR 02 

Apply Troposphere Height 
Offset 

Largest Def. Errors: 

Cl Ion(56) , C2 Ion(36) 

ATDRS-E+C; No GTR 77 

Solve Troposphere Height 
Offset 


Largest Def. Errors: 

Cl Ion(51), CE Ion(37) 

ATDRS-E+C; GTR 
Solve Troposphere Height 
Offset 

Largest Def. Errors: 

ATDRS-E+C; GTR 
Apply Troposphere Height 
Offset 

Largest Def. Errors: 

Cl Ion(38), C2 Ion(30) 

ATDRS-E+C; GTR 
Solve Troposphere Height 
Offset 


Results 


66 


89 


Largest Def. Errors 
C2 Ion(46) , Cl Ion(40) 


Summaries 

Predictive 
Accuracy (m) 

91, 93, 96 


78, 80, 82 


Pending 

91, 123, 158 


123, 378 
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Table A. 8-2 VLBI- 


GH ATDRS-W Run Result Summaries 


Definitive 

L^th Data rharacteris tics__ AcmramLJJIL)- 

30 ATDRS-W+C; No GTR _ 90 

Apply Troposphere Height 
Offset 


Predictive 
Arcuraev (m) _ 

93 , 98, 105 


Largest Def. Errors: 

C2 Ion ( 62 ) , C2 RDiffBias 
(26) 

ATDRS-W+C; No GTR 
Solve Troposphere Height 
Offset 


81, 81, 83 


30 


30 


Largest Def. Errors: 

CW Ion(46) , C2 Ion(43) 

ATDRS-W+C; GTR 
Solve Troposphere Height 
Offset 

Largest Def. Errors: 

Cl Ion(30) , A1-UT1 ( 18 ) 

ATDRS-W+C; GTR 
Solve Troposphere Height 
Offset 


46 49,62,82 


Results Pending 


Largest Def. Errors: 


NOTE : 


Prediction accuracies listed for 30 hr arcs are for 
1 , 2 and 3 days, respectively. 


Prediction 
and 1 day, 


accuracies for 2 hr arcs are for 6 hours 
respectively . 
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A * 9 — BI AIDEn BY gQDEP GPS TRAryrM G RF.qnr.Tg 

clocks by^bservatio^of r the S Dse e r| COnC H PtUal network station 
the constellatiororzfcPS saten?^ °V° ded Signa 1 from 
unknown clock bias between the satelli^ T ° account f °r the 
clocks, a range difference data ty?e M e Sta i ion 

the ORAN simulations roh, l * type j ^- e - VLBI) is used in 

bias were assumed thf ^udoJangS n ° iS6 3nd 

setups are used as for VLBI-GH McSpt'thI?' \IV Y ? ame 0RAN 
bias values for thp rpq mQ = c . exc ®Pt that the noise and 

ATDRS satellites are t^ackJd in^hi 3 ar ® different - The 
VLBI-2S system excpnt- t-h?f fv, th Same manner as for the 
not tracked. P the Second satellite (ATDRS-C) is 

wUh V the _ Us? D 3 0 C of“hicS°eiit tS ll 48 hours o£ GPS tracking 

tracked. The VLB?f G ? TO scenario is ?a DRS " E ° r ATDRS - W is 

ATDRS is tracked only for the last 2 ho Sam ? except the 

y ior tne last 2 hours of GPS tracking. 

The results shown in Tahi^ a q i 

found for VLBI-GH. This is nnf re similar to that 

only difference in tho oot- S n0t surprising given that the 

noise and bias error levels '’Jh^ATDRsTJbits" 5 iS the 

whit^Sands? 0 thS desired 75 m accuracy only using gtr to 

A ' 10 

siraiTar 't^tha^of thTvLB^s^ 3 *" a way 

subject satellite is tracked ThJ^t ®? cept that only the 
calibrated through direct time t^sll^o^f^llites . 

the^results? U arshow^ U in W TfbT| d I 10 1 " 9 fell f me !? because 
goals of this study. n.io-1, fell far short of the 
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Table A. 9-1. 


VLBI-GC ATDRS-E Run Result 


Arc 

— Ditta__Ch aracteri stinc 

ATDRS-E+C; No GTR 
Apply Troposphere Height 
Offset 


Summaries (1 of 2 ) 


Definitive 
Accuracy (m) 

91 


Predictive 

Accuracy 
93, 95, 98 


Largest Def. Errors: 

Cl Ion(58), C 2 Ion(38) 

ATDRS-E+C; No GTR 
Solve Troposphere Height 
Offset 


30 


2 


30 


30 


Largest Def. Errors: 

Cl Ion(51) , CE Ion(37) 

ATDRS-E+C; GTR 
Solve Troposphere Height 
Offset 

Largest Def. Errors: 

Cl Ion(34) , C 2 Ion(28) 

ATDRS-E+C; GTR 
Solve Troposphere Height 
Offset 

Largest Def. Errors: 

C2 Ion(45), Cl Ion(40) 

ATDRS-W+C; No GTR 
Apply Troposphere Height 


61 


80 


91 


Largest Def. Errors: 

Cl Ion(51), C2 Ion( 45 ) 

ATDRS-W+C; No GTR 
Solve Troposphere Height 


Largest 
CW Ion(4 


Definitive Errors: 
5), C 2 Ion(42) 


76, 78, 80 


83, 113, 144 


112, 358 


93, 98, 105 


79, 79, 80 
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Table A. 9-1. 


VLBI-GC ATDRS-E Run 


Result Summaries (2 of 2) 


Arc 

T.enath 

30 


Definitive 

nat-3 c haracteristics — Accuracy (m l 

ATDRS-W+C; gtr . 

Apply Troposphere Height 
Offset 


Predictive 
Accuracy (m) 

49, 62, 83 


Largest Def . 
Cl Ion(28) , 


Errors: 

C2 Ion(22) 


ATDRS-W+C; GTR . 

Solve Troposphere Height 
Offset 


Largest Def. Errors: 


NOTE: 


accuracies listed for 30 hr arcs are for 


Prediction 

1, 2, and 3 days, respectively. 


Prediction accuracies for 2 hr arcs 
and 1 day, respectively. 


are for 6 hours 


Table A. 10-1. 


VLBI-GT ATDRS-E ORAN Simulation Results 


Arc 

Length 

30 


Definitive 

nata Charg cVAri sties flncntaCY ( ml 

ATDRS-E+C; NO GTR 185 

Apply Troposphere Height 
Offset 


Predictive 

accuracy (m) _ 
218, 271, 335 


Largest Def. 
Clock3 (158) , 


Errors : 

Cl Trop(48) 


A-92 


2055/0025f 



A. 11 BASELINE PRTS SIMULATION RESULTS 

Baseline PRTS uses one-way ranging from a master tracking 
station located at WHS to various remote tracking stations. 
The special signal structure of PRTS is supposed to permit 
the synchronization of the remote station clocks to the 
master station and is claimed to have other desirable 
features, such as the elimination of ionospheric effects on 
the measurements. 

PRTS uses two kinds of one-way ranges: a range measurement 

from a master station to ATDRS to a remote station (forward 
measurements) and a range measurement from the remote 
station to ATDRS to the master station (return 
measurements). When both of these measurements are. 
combined, the remote-station clocks may be synchronized with 
the master-station clock. These two measurements have been 
simulated in ORAN and are used to solve for the 
remote-station clocks in the simulations. The treatment in 
ORAN of this feature and of others unique to PRTS is 
described in Section A-2.2.2. 

Operation of PRTS is envisioned to depend mainly on frequent 
forward measurements for OD and to use infrequently 
scheduled pairs of forward and return measurements for the 
determination of the remote-station clock biases (linear and 
quadratic terms in the time variation of the clocks are 
assumed to be zero). For all the simulations here, forward 
measurements were scheduled for a 5-minute period at the 
start of every hour, taken at a rate of one measurement 
every 30 seconds. The pairs of forward and return 
measurements used for the clock solution were similarly 
scheduled, except that they were made only every 12 hours 
instead of every hour. Because the method of solving for 
the clock in PRTS tends to decouple the orbit and the clock 
determinations, the forward measurements not used in the 
clock solution had unmodelled clock errors assigned to 
them. The magnitude of these errors was 0.25, approximately 
the uncertainty in the clock solution for a 30-hour arc. 

In all cases in this simulation, there are three remote 
stations and the master station at WHS. Because one of the 
remote stations in each case is located at WHS, it is 
assumed that this station's clock is perfectly synchronized 
to the master station; therefore, no clock bias was 
calculated for it. 

In addition to the remote station clock biases, PRTS has 
signal delay uncertainties in the ATDRS transponder and in 
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the master and remote station electronics. These delays 
were modeled as range biases in this simulation, with a 6-m 
(20 ns time delay) bias always applied to the master- 
s tat ion-to-ATDRS link and a 3-m (10 ns time delay) bias 
always applied to each remote-station-to-ATDRS link. These 
biases are the most significant error parameters in the 
simulation . 

PRTS OD performance results are summarized in Tables A. 11-1 
through A. 11-4, where Tables A. 11-3 and A. 11-4 consider PRTS 
system performance when the number of stations is reduced 
from three to two by eliminating one of the remote 
stations. The ORAN error budget is summarized in Tables 
A. 2-10 and 4-4. 

All the tables indicate the maximum definitive period 
3-sigma error over either a 30-hour or 2-hour tracking arc. 
For the 30-hour tracking arcs, the remote station clock 
biases are solved-for; for the 2-hour arcs, an unmodelled 
clock bias of 0.25 m is applied. This bias is comparable to 
the clock solution obtained over a 30-hour arc; use of an 
applied clock bias for the 2-hour arc thereby models 
estimation of the clock biases over a 30-hour arc 
immediately prior to the maneuver. 

For all the PRTS networks, the maximum definitive period 
error over a 30-hour tracking arc is better than (less than) 
this study's 75 m (3-sigma) goal. Trajectory recovery 
performance over a 2-hour tracking arc, however, only meets 
this goal for the 3-station login baseline PRTS networks. 

The dominant error source is in almost all cases the range 
biases to the PRTS tracking stations, implying that further 
system resolution of electronic and propagation delays would 
improve PRTS OD performance. Previous runs with different 
PRTS ORAN error budgets than that presented in Section 4 
also reveal that performance is generally somewhat sensitive 
to the level of range-rate noise, although, as seen here, 
noise is not a dominant error contributor. 

Predictive period performance is represented by the maximum 
3 sigma position error for predictive periods after the end 
of the definitive tracking period. For 2-hour trajectory 
recovery tracking arcs, the most important predictive 
periods are 6, 12, and 24 hours after the end of the 
definitive arc as further data is collected to allow batch 
processing of a definitive 30-hour arc. As shown in the 
tables, only the 3-station long baseline PRTS networks are 
able to maintain predictive period performance less than the 
75 m over 24 hours. 
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Table A. 11-1 PRTS OD Performance for ATDRS- 
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For 30-hour tracking arcs, predictive periods of 1, 2, and 3 
days after the end of the definitive arc are important in the 
event of system failure or disruption. In general, all the PRTS 
networks are able to support predictive performance less than 
75 m for the first 24 hours; predictive periods greater than 
1 day, however, show deterioration of the orbit uncertainty to 
greater than 75 m after 30 hours or more past the end of the 
definitive period. 

A. 12 MPRTS SIMULATION RESULTS 

As discussed in Section 4, MPRTS represents use of the PRTS 
signal structure to solve ionospheric delay uncertainties in an 
S-band 2-way ranging system. Tables A. 2-11 and 4-5 detail the 
ORAN error budget for MPRTS, while Tables A. 12-1 through A. 12-4 
summarize the MPRTS ORAN results. 

All MPRTS networks show OD performance over a 30-hour tracking 
arc which is better than (less than) the goal of 75 m 
(3-sigma) . Only the longest baseline two- and three-station 
MPRTS networks, however, show definitive period OD performance 
less than 75 m over the 2-hour trajectory recovery tracking 
arcs. Range biases are consistently among the dominant 
definitive period error contributors. 

Predictive performance after 30-hour tracking arcs generally 
meets the goal of 75 m up to 2 days after the end of the 
definitive period. The shorter baseline networks, however, 
surprisingly show marginally better predictive performance than 
do the longer baseline networks. This behavior is not thought 
to be significant and most likely reflects artifacts of the ORAN 
modelling, including the choice of initial tracking epoch. 

A. 13 AKuRS SIMULATION RESULTS 

AKuRS, as discussed in Section 3, is effectively a Ku-band 
version of the TDRSS BRTS, relying upon 2-way range and 
range— rate measurements between White Sands and one or more 
remote stations. Because of its use of 2-way measurements, no 
clock biases exist between White Sands and the remote stations. 
ORAN modelling parameters for AKuRS are summarized in Tables 
A. 2-12 and 3-6, while Tables A. 13-1 through A. 13-4 show the 
obtained OD results. 

As shown, all three- and two-station AKuRS networks provide 
definitive period OD accuracies better than (less than) the goal 
of 75 m (3-sigma) for 30-hour tracking arcs. Trajectory 
recovery tracking arcs of 2 hours also provide better than 75 m 
performance except in the case of the short baseline CONUS-based 
networks. AKuRS trajectory recovery performance is superior to 
that of PRTS or MPRTS and, at times, shows better performance 
that those of comparable AKuRS 30-hour arcs. On the basis of 
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Table A. 12-1 MPRTS OD Performance for ATDRS- 
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PREDICTION* 6120+ 0 4980 0 4560 2160 

(MINUTES) 

♦INDICATED VALUE I S THE TIME FOR WHICH A TRACKING ACCURACY (3d) ^ 75 m IS MAINTAINED 

07/28/89 UIS83P\AK7400 



MPRTS OD Performance for ATDRS- 
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Station MPRTS OD Performance for ATDRS 
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(MINUTES) 

♦INDICATED VALUE IS THE TIME FOR WHICH A TRACKING ACCURACY (3d) ^ 75 m IS MAINTAINED 



-Station MPRTS OD Performance for ATDRS W (3 a) 
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AKuRS OD Performance for 
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Table A. 13-2 AKuRS OD Performance for ATDRS 
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Table A. 13-3 Two-Station AKuRS OD Performance for ATDRS 


to cm ocoo 

% r tpio 

O OOD(Oz 
cm rO *- | *- < 

< * 

^ § 
< 


o or^o^ 
lO in z 00 

PO CM < | 

“ < 
</> w 





ro 

CM 

o 

rO 



oq 

CM 

CM 

in 

o> 

co 

to 

l< 

in 

CM 

ro 

rO 

in 

O) 

ro 


lo cm r^ 

rO Oi CO 


co k) oo^r? 

* *3 "S'is 

X £ o Z ° 2 

CM »0 CM < CM < 



CO 

o> 

oi 

ro 


o> 


0) 


in 

V 

CT> 

CM 

ao 


m 

(O 


m 


^ >- 

i g 


CO 

ao 

<0 LU 

K 

n 

01 jjj 

X 

r< 

S X 

o 

ro 

CM < 

ro 


X 



to 



4 

m 

+ 

o 


fO 

m 

CM 

in 

ro 


o 

m 

5 


2 i> £ 

ills 3 

5 C E at f 
< uj uj cr O 

2Q1UJ H- 


3 g 3 

§q2o 

>< uj a: oc 
< os uj a: 

2Q.0.UJ 


x or 

x x 



2055/0025f 


(MINUTES) 

♦INDICATED VALUE IS THE TIME FOR WHICH A TRACKING ACCURACY (3o) i 75 m IS MAINTAINED 






iS due to the low 

allowing relative better nrhH with AKuRS measurements, 
short arcs . In genJra! rlnnt * ccuracies to be obtained over 
error sources, again emphasizin^th^ 3 • 3re f he dominan t AKuRS 
system propagation uncertainties throig^auljrajlio^ 01 " 9 

75 e m? C eTC2pt e £o? r t?aiIctorv AKURS 9enerall V meets the goal of 
the short baseline CONUS nLwoJkl^rn^ 1 ?^ 6 performan ce for 
performances for ATDRS-E and ATDRS W^hn 311 ?^^ 6 ^ 6611 AKuRS OD 
the AKuRS networks may have a ^ that the geometry of 

where this effect is espIciaU? v?sfi?! nt eff S t on the resets, 
periods. Further consideraHnl * S ^u le over the predictive 
sites would thus Stati - 

?e!a?ive f ?y e m?no S r-!-both arff-w^ AKURS 33 S ^ems ^ 
due to the ionosphere to ef fectivelv^Sr 3 reduce the error 

different link budgets and operating rad?A f DUS t0 ^ he items' 
the pseudorange and pseudorange-ra?I L? ° frequencies, however, 
systems are different a* di Se levels of the two 

AKuRS modelled range-rate noise C ‘ The sup erior 

marginally superior on nL? level accounts for the 

for the short arcs and short ^aselines^h^i re J ative to MPRTS 

range noise level results°in relativllv SjJ® the superior MPRTS 
the long arcs. atively better performance for 

A ' 14 CJBECC ~ &ICBSZSES - 3:Bflgi ^^ STMTTT.fl*rTnM „^„ T „ 

measurements T made G by the^TDRS 8 ?^ 61 " h el J es upon ran 9 in 9 

visible to the ATDRS at a q?ven \° f the GPS stellites 

measurements, the ATDRS caLn V nStant ' To make these 
Of the GPS satellites f HmUina ?h» US - ^ “ ithin the beamwidth 
those traversing an annulS ® visible GPS satellites to 

diametrically opposite th<=> nr v?^°? ? f the GPS orbital sphere 
Visibility to ?he ATORSS * ^“i 0 " o£ the ATDRS. Ips 
in Section 6. The Direct atdrs/gps £ as ?? en dls cussed at length 
advantages of measurements which^re £irfci»?i System Provides the 
the Earth's atmosphere an ext-f»nrdord ally unperturbed by 

relatively large baJelinl dllined h^ metry pr °'' ided by a X 
ATDRS/GPS annular visibility Jeoion me f a diar "eter of the 

satellites appearing withinthe 9 aSnular d r lar9 f nun, ber of GPS 
near-continuous observations nvor ?u la 5 re 9ron to provide 
tracking arc. serv ations over the duration of a 30-hour 

In order to restrict ORAN's atdr<: rhKo. 

satellites to only those which are Lnular 
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a scheduling program independent of ORAN was 

ThiI 1 off d l! : n 0 de ^ e ^K^^ the visibili ty of the GPS satellites. 

This off-line visibility program provides a visibility schedule 

for input to ORAN with time resolved to the nearest minute For 
purposes of ORAN modelling of the Direct ATDRS/GPS Trackinq 
System, the 30-hour ATDRS-E and ATDRS-W visibility profile of 

in'this stid^foT ^' 14 ' 2 ^ been random1 ^ elected abused 
tracking arcs. simulation of both the 30-hour and 2-hour 

The selection of a two-hour trajectory recovery trackina arr 

satellifJc? ln ^ 0 -h? nS r dei:ati0n the variat ion of the number of GPS 

from 04 fr T a ? ATDRS ' Where this ™mber may range 

any instant, as shown in Figure 6 — 9 In wnr^i- 

case scenarios, time intervals on the orde?ol one'hou? mav 
occur when no GPS satellites are visible to the ATDRS 
Operationciny, ATDRS maneuvers would be scheduled so tha 4 - the 
GP ?^ r f C0Very Peri0d would avoid such periods°of ^limited 
visibifitv are'r^* h T bl ° CkS ° f ™ltipleG PS sateilUe 
that ATDRS orbital m 1Ve y C0mrn0n ' 30 ifc is reasonable to assume 

toll o^ATDRS/GPS ^visibility °°Fo? theTh^^ t0 aV ° id £ul1 
l^YhaveT* ° £ * 5 * Visidilit ^ P^iles of Figures^ 3 14-1 £ I 
^hougb not t a he a fi°sTtio en ho e ujs Som.™"' 

other ATDRS y ranJing e fystems ntS th3n haV ® been modelled for the 

Tracking R System"'has 1 reguirea P soms r i ,anC ? °r the Direct ATDRS/GPS 
determine the mos? mlani^oful mnLj ?-® 1 ° £ ex Porimentation to 

and A. 14-2 summarize the ?frious omlnf Tables A ' 14 - 1 
although a different ORAN prmr k. ^ 4 _ r !! 5 ? s that were conducted, 

A. 2-13 and 6 - 2 wfs used^o? tZL* J ? 9 ' St £han that shown in Tables 
from Tables A 14-1 and a 14 ? 6 r ff ul ^ s * Drawing conclusions 

Tracking System usiM thi ^rAr^^^f ‘2 r the Direot ATDRS/GPS 

were then obtained" She™ t£e£e ° £ Tables A - 2 ' 13 and 6 ' 2 

A. 14-3. ' ere these ^sults are summarized in Table 

clock biases existiS^betwel^tL^TDRshcPS £ ° m ? aeUin P the 

^“nV^dY reveal 6 ^ 

un?ertatnt?ef PS ° h SCi i lat ° r dr?f r P ™SY 2 5 e h I u S S ^ d< MaS 
ainties in the GPS ©phemeris thp fpq * 4 - 

perturbations, and the GPS and attoc- ? PS satelllte 

and^lock) i biases C to e^b^^af 

the ATDRS OD accur £ c°y e ?fv GP La^rthe e s n a t me 0 : ^hHd^S ^ 
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Figure A. 14-1. ATDRS-E 30-Hour Visibility Profile 


Number 01 Visible GPS Satellites trom ATPRS-W 
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Figure A. 14-2. ATDRS-W 30-Hour Visibility Profile 


Table A. 14-1. 


Direct 

Trial 

Arc) 


GPS Tracking System OD Performance 
Results* ( ATDRS-E ; 30-Hou? T^ack^ng 


RON t 


RUN TYPE 

• apply Single ATDRS/GPS clock 
bias of 0.0 meters 

• apply range biases of 19.2 
meters for each GPS satellite 


maximum 

total 

ERROR 

(METERS) 

55.4 


• a PPly clock biases of 14. o 
meters for each GPS satellite 

• apply range biases of 13.4 
meters 


55.7 


DOMINANT 
ERROR 

CONTRIBU TORS 
GPS8 range bias (38.4 m) 
GM (23.8 m) 


Clock8 (28.0 m) 

GPS8 range bias (26.8 m) 


3 

• same as run 2 

• apply drift term of 10~ 13 

55.7 

Clock8 bias (28.0 m) 
GPS8 range bias (26.8 m) 

4 

• solve for single ATDRS/GPS 
clock bias 

• apply range biases of 19.2 
meters 

59.5 

GM (40.1 m) 

GPS8 range bias (17.0 m) 

5 

• solve for ATDRS/GPS clock 
biases for ail visible GPS 
satellites 

• apply range biases of 19.2 
meters 

1201.2 

GM (1185.7 m) 

6 

7 

• same as run 2 

• reduce range noise to 4.0 
meters 

55.7 

Clock8 bias (28.0 m) 
GPS8 range bias (26.8 m) 


bias of 14.0 meters 

• apply range biases of 13.4 
meters 


80.6 


Clock bias (68.7 m) 

GPS8 range bias (26.8 m) 
GM (23.8 m) 


ORAN error budget for these 
Table A. 14-3. 


runs 


is slightly different than those used for the results of 
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„ rpq Trackinq System OD Performance Trial 

Table A. 14 2. fj esu i t s* S (ATDRS-E ; 2-Hour Tracking Arc) 


RUN # 


RUN TYPE 


• apply clock biases of 14.0 
meters for each GPS satellite 

• apply range -biases of 13.4 
meters for each GPS satellite 


MAXIMUM 

TOTAL 

ERROR 

(METERS) 


DOMINANT 

ERROR 

CONTRIBUTORS 


Clockl7 (135.4 m) 
Clock24 (174.3 m) 


• same as run 1A 

• reduce range noise to 4.0 
meters 


Clockl7 (135.4 m) 
Clock24 (134.3 m) 


• apply single ATDRS/GPS clock 
bias of 14.0 meters 

• apply range biases of 13.4 
meters 


GPS17 range bias 
(129.6 m) 

GPS24 range bias 
(128.5 m) 



« solve for single ATDRS/GPS 
clock bias 

• apply range biases of 13.4 
meters 


5390.9 | GM (3234.4 m) 

Range noise (2851.5 m) 


• ORAN error budget for these runs is 
Table A. 14-3. 


slightly different than those used for the results of 
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clock drift to each GPS satellite (run 3) has no effect, as 
does reduction of the range noise to more optimistically 
model GPS receiver performance (run 6). Performance is also 
closely equivalent if a single clock bias, representing the 
bias between the ATDRS clock and GPS system time, is 
solved-for, with a pseudorange bias applied to each GPS 
measurement (run 4). This approach is consistent with that 
used to model PRTS performance, where PRTS, like the Direct 
ATDRS/GPS Tracking System, is a 1-way ranging system. If a 
single clock bias is applied, however, then definitive 
period OD performance deteriorates to worse than (greater 
than) the 75 m (3-sigma) goal (run 7). If one further 
attempts to solve for 24 clock biases, representing the 
biases between the ATDRS clock and each GPS satellite s 
uncorrected clock, then performance is significantly 
degraded (run 5) . 

On the basis of the results of Table A. 14-1, modelling of 
the Direct ATDRS/GPS Tracking System was then conducted for 
a 2-hour trajectory recover tracking arc, as shown in 
Table A. 14-2. Unless one attempts to solve for a single 
ATDRS/GPS clock bias, which produces exceptionally poor 
orbit accuracy, the different modelling approaches generally 
yield t'he same results in excess of the goal of 75 m 
(3-sigma). The approach most consistent with both run 4 of 
Table A. 14-1 and the modelling approach used for PRTS is 
that of run 3A, where a single ATDRS/GPS clock bias is 
applied as a consider parameter. 

The final results for the Direct ATDRS/GPS Tracking System 
then used the ORAN error budget of Table 6-2 and the 
techniques of run 4 and run 3A. For 30-hour tracking arcs, 
a single ATDRS/GPS clock bias is solved-for and additional 
range biases representing the uncertainties in the signal 
path delays are applied to each of the GPS measurements. 

For 2-hour tracking arcs, however, a single ATDRS/GPS clock 
bias and range biases for each of the GPS measurements are 
applied. The results are summarized in Table A. 14-3. 

As can be seen, the gravitation coefficient GM is the 
dominant error source for the 30-hour tracking arcs. It is 
believed that this result is an artifact of the ORAN 
estimation process — the solutions for the GPS satellite 
orbits, the ATDRS orbit, and the ATDRS/GPS clock bias 
interact in such a way as to place the dominant error 
contribution with the gravitation coefficient. Since the 
GPS satellite orbits are solved-for, the contribution of the 
uncertainty of their orbits to the ATDRS orbit solution 
cannot be determined. The 6 m GPS satellite position 
uncertainty is dominated by the error in the gravitation 
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coefficient, suggesting that it is this contribution which 
propagates through to dominate the solution for the ATDRS 
orbit. To prove this conjecture, however, would require 
that two gravitation coefficients be identified separately 
for the GPS and ATDRS satellites; unfortunately, ORAN does 
not allow GM, as a dynamic parameter, to be treated in this 
way. Performance over the 30-hour arc for ATDRS -W and 
ATDRS-E are better than (less than) the goal of 75 m 
(3-sigma); the difference in performance between ATDRS-W and 
ATDRS-E are better than (less than) the goal of 75 m 
(3-sigma); the difference in performance between ATDRS-W and 
ATDRS-E is due to the differences in relative ATDRS/GPS 
visibility over the 30-hour arcs. For the 2-hour tracking 
arcs, the Direct ATDRS/GPS Tracking System is considerably 
worse than (greater than) the goal of 75 m. 

A *15 K U-BAND GROUND SPACEFLIGHT TRACKING AND DATA NETWORK 
(GSTDN) STUDIES 

Another system for tracking ATDRS, which is a future version 
of the GSTDN system, which uses Ku-band frequencies to 
eliminate the effects of the ionosphere. One preliminary 
study of this system has been made using the ATDRS-E 
satellite and three stations from GSTDN: WHS, MIL, and 

Bermuda. The measurement parameters for the run were the 
current GSTDN parameters (shown in Table A. 15-1). 

The def ini t i ve— per iod position error for a 30— hour arc was 
obtained from the run. The major sources of error were the 
station range biases and the ionosphere error, for the 
S-band case. Because it is possible that the future GSTDN 
system will have smaller range biases than the 15-m biases 
of the current GSTDN system, the value of the definitive 
position error has been calculated for several range biases 
and for S-band and Ku-band transmission frequencies. These 
position errors are shown in Table A. 15-1. 

The results shown in Table A. 15-1 are much worse than those 
achieved by other systems with short baselines. The poor 
position determination achieved here may be due to an 
inappropriate choice of tracking stations. MIL and Bermuda 
are not widely separated in distance, and the three stations 
are nearly collinear so that the triangle they form is long 
and flat, with very short north-south projections of the 
station baselines. Such a station configuration would be 
expected to produce large cross-track errors in ATDRS, and 
this was observed :n the ORAN simulation. 

Future studies of GSTDN will examine a wider set of station 
locations and will consider ATDRS-E and ATDRS-W, as well as 
arc lengths other than 30 hours. 
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Table A. 15-1. 


Preliminary GSTDN Error 


Analysis Result 


Run Description: 30-hour arc 

WHS, MIL, Bermuda 
range + range-rate 
S-band 

range: noise 2m; weight 15 m; 

bias 15 m 

range rate: noise 0.2m/sec; 

weight 2 m/sec 

ionosphere: 100% sflux 250 


Maximum Total Position Error 


in Definitive Period 


Range-Bi as Vaim* 



15 m 

10 m 

5 m 

0 m 

S-band 

458 

374 

312 

289 

K-band 

357 

239 

123 

31 

Error with no 

biases, no 

ionosphere 

= 31 m 
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apPKNDIX B 


y^pMTI Tr SYSTEMS SPKCTFICATIOHS 
AND COSTS 




staffing 
in Section 5. 


B. 1 SYSTEM SPECIFICAT IONS 


Specifications are provided for three systems in 

^JsSrS^^-JSstA- 

the east and west orbital slots. 

B . 1 . 1 SYSTEM SPECIFICATION — VLBI-Q 

Tt ,. tttrt arrav will consist of five sites, shown in 

Figure 5-2 in Section 5 ATDRS o^fi^t^ns'arl^hosen 

assuming* ATDRS satellites with SGL beam characteristics 

oHhe fltes a?e coa^oi sites and will observe both ATDRSs 
The eastern site (East Texas) observes only ATDRS-E, and 
western site (southern California) observes only ATDRS w. 

The fifth site would be dedicated to providing east west 
baselines for an overhead ATDRS. Its location has not been 
studiedbut would probably be about 200 km east of J^SGT. 

Site surveysare assumed to tie the two antennas at each 
site ( intersection of axes) to within 0.5 cnu One site must 
be tied to the VLBI reference frame to within 25 cm. 

Accurate ties between sites will be achieved through 
interferometric observations by the array itself. 

The IF signals from each receiver (Ku or S for TDRS 
t-rackincr Ku and S for observing natural sources) are 
converted to video, sampled, and formatted at each receiving 
station. The data is then sent from each remote receivi g 
. nn via satellite link to the central processing 
facility This facility will control and monitor operations 
^ aU sites and may be colocated with one of the common 
observing sites. 

Each site will be equipped with the following: 




One calibrator antenna and receiver 

One or two ATDRS-tracking antennas and receivers 

Hydrogen maser time/frequency standard 
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Electronics reck to ororp^<? ct nr-ia i c* c 
Calibration apparatus 9nalS from receivers 

Communications link to transmit data 
station control computer 

fS???„? 0mP0nentS are aiscussed in the subsections that 

B. l.l.l Ca librator Antenna 

limiting flux to a 

antenna control uniti rtSS^l f p?ov^ l ^"kiL be 
srarcs^c.^ 8 a " tenna Ca " be Pninte^blin^to^i thi^about 

™cus re S? l the r ll-m^ntenn 1 ^ 1 ^ 01 ante ™ is loct* at the 
formed, and it^nust provide G ° nce ? tr ic beams should be 
Ku-band and S-band* P The «n=,nn ^ simultaneous reception of 
500 MHz at Ku-band 'and 10^2^““ ! ^ St be at lea st 
contain cryogenically code™ FET amH?f e r S wi [fh^" W - U 

ssssssu 1 ^- e-s rSSJS? “• — 

B * 1 * 1 * 2 TPRS-Trackinq Antenna 

of 6 a t Teas t^^deg reefer ' sec^ ^cont 66 ??* 51 ® ' W * th Slew rates 

of about 4 arcmin blind, and ' apertur^ef f • p ? lntlng accuracy 
(gain of 46.3 dB) , will be at- \ i C16ncy ? f °* 5 

will be two at each common site. St a ” d W6St Sltes; there 

13.9285 R GHz nte capabilitv b for Ve h the ^ TDRS SGL ' centered at 
(2070 MHz) will also be provided 6rV Thl mdrs^ forward fink 
be located at the focus of the 2-m atdr£ receiver Wl11 
and function are similar *;? ATDRS antenna. Design 

receiver except that (1) the rere‘° natural calibrator 

system temperatures of 200O K .at Ku-ban^an^lOOOK' at 2> t0tal 
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S-band are adequate, and (3) total bandwidths of 260 MHz at 
Ku-band and 50 MHz at S-band are adequate. 


B. 1.1.3 Time/Freauencv Sta ndard 

The hydrogen maser frequency standard shall be monitored 
remotely and by reference to an on-site GPS receiver. 


B. 1.1.4 Electronics Rack 

The electronics rack contains modules that select, sample, 
and format the desired signals. It should have the 
following capabilities: 

0 TF pistributor --This will distribute signals from 

receiver IFs to video converters in any combination 
under computer control. 

0 xF-to-video converters (28 total) — These convert IF 
signals from the antenna to baseband and filter to 
the desired channel bandwidth. Frequency and 
bandwidth are selected under computer control. 
Frequency range must be at least 500 MHz and 
bandwidth selectable up to at least 2 MHz. 

• Formatter — Functions include clipping/sampling, 
time-tagging, synch block generation, parity 
generation, and mode switching. 

• nat-a buffer — This buffer should be capable of 
storing formatter output for a 1-second 
observation, a total of 14 times 4 megabits (Mb) . 
This allows later transmission of ATDRS observation. 

B.l.1.5 Calibration Apparatus 

This shall include phase and cable calibration systems (the 
new Haystack system is adequate); a meteorological sensor to 
measure local barometric pressure, temperature, and relative 
humidity; and possibly a water vapor radiometer (budgeted) . 


B.l.1.6 Communications Links 

A postformatter will merge data streams from the formatter 
into a single bit stream. A satellite communications link 
will transmit data in real time to the correlator facility. 
The minimum transponder requirement will be for 7 megabytes 
(MB) per second of instantaneous capacity if the data 
transfer from the remote stations is multiplexed. The total 
transponder volume will be 16828 MB per hour, assuming two 
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observations per hour of each TDRS and of each calibrator bv 

?hS h M net ”°£ k the observational data being sampled at 7 

to tran^r £ on* I * A I™ 11 additiona l capacity will be used 
to transfer monitor and control information. 

transfer capability will be required for only 
three of the remote stations if the central processing 
acility is colocated at one of the common sites. 

®*1*1*7 Station Co ntrol Computer 

m!!i S i W;Ll1 co, ? tro1 antenna pointing, data acquisition 

a?rav e ^An^Ut t0r/ ^° ntro1 data ' and communicat ions with the 
array control center* 

J® ntral P £° c f ssing facilifc y "ill perform array control 
functions. The data received from the four observing 

o^i° n Ki 1S cr ° s s-correlated to extract differential delay 

2£2 fnSiJf; T ? 9 ® th ! r , With pertinent external information, 
the interferometric delays are used to produce an updated 

ephemeris, to be supplied to the stations and to the 
correlator. Functions include the following: 

* ffklV 1 ' 116 SGL wil1 handie U P to 7 MB/sec from each 
of three remote sites. 




Derau 1 1 i p 1 exe r/Decode r 

Ar ^ ivp "P is enables recorrelation of 
atl ° ns when a P riori delay estimates 
are too inaccurate for proper results, as is 
expected in TR situations. 

D| lay Compensation — Based on the latest projection 
of the satellite position for the observation 
epoch, an appropriate amount of a priori delay must 

sf,r^ r °- U S ed in 0rder t0 reduce the correlator 

h h W:Lnd ? W ‘ ° ne delay line is required for each 
data channel to be processed. Data buffering will 

tra^nHfJ^H lf data . from the remote stations is 

The toiai e L? eqUent i a i ly 0ver the satellite link. 
I?® ^ otal delay must be enough to allow for total 
difference in signal travel times, both to the 

$ about 3 milliseconds) and over 
the satellite link (unknown) . 

C orrelator This device will compare the bit 

fr ?™ ® ach pair of stations (a total of 
three baselines for each of the two networks) and 
accumulate the number of matching bits in near real 
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time. Each baseline requires 14 cor ';®]; a ~ 0 ji H 
?“> ?hannel“ e TMs n la?a t ?s Sped onto dish. 

necessary to calculate the delay observabies. 

* MonitorData. — Instrumental performance and 
meteorological information must be supplied 
orbital-analysis algorithm in order to calrbrate 
for known systematic effects. 

* ttt 1 /PM A file of extrapolated Earth orientation 

information (from the USNO, for example) must be 
maintained for input to the orbital-analys 
routine . 

_ Orbital Analysis — A computer facility is needed 

that is adequate to provide ATDRS position predicts 
sufficient Inaccurate (about 1 to) for correlation. 

* Archive— A system for automatic data archiving 

space »fe^n^ STE?. m^de^omputer 
monitor . 

* Txr £ girgo^ r^oiane u ^r^onbirpr^ 

in time for internal use in such tasks as antenna 
pointing and data correlation. 

B.1.2 SYSTEM SPECIFICATIONS — CEI-Q 

system specifications for CEI-Q systems are presented in 

Rpfprence 5-1. The system specified here differs , 

capability of measuring group delay is assumed. Although 
qroup-delay measurements are individually more complicated 
than phase-delay measurements, they solve the prob e 
phase-delay ambiguity resolution. Changes to the system 
design referenced ari (1) the increase in receiver and 
fiberoptic link bandwidth to 1 GHz, (2) design and 
const ruction of a correlator to find group delay and phase 
delay, and (3) elimination of the two interior stations 

each array. 
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B ‘ 1 * 2 ’ 1 ^ w ork Locations a nd Array Coafifl liraUQn 
B. 1.2. 1.1 Candidate Array Locations 

as "candida tes^f or *ar r ay°loca t ions C °^ h haVe been «"=«er e d 

17lOE S f and^Jsof 1 ""Sf 4?°E, 

Fiaure s_? f« c^«-- f y locatlon s are shown in 
9 5 n Sectl0n 5 and are located as follows: 

' -is- - 

• 63W4.TS.SS. T4TST2.Ti.TK2, 

afford S complete e and explicit trackin^scenl bee " Chosen to 
representative of this narticiiiSr scenarios 
optimization of the satellite ifL° V1 ? 9 stra tegy, i.e., 

separate arrays for ATDRS-^and ATDRS w"® ?h»V Sin3 . 
view ATDRS-E at about ?fl * U , W * . The E array will 

will view ATDRS-W at about 20 ^ fi !* S elevat ?- on ' the W array 
array near white slSdfSm the T 
11.4 degrees elevation and ATDRS W at- *- 
elevation. For a connected eTemll^ ? bo “ fc 12 * 8 de< ? re es 

differences in elevation angle are likel^l^be^ignif icant . 

usefhere are^Indef o^faf 6 Specific arra ^ locations 
Actual site locations 7 representative examples, 
conditions. locatlons wlU require detailed studies of local 

locations . 5_1 describes considerations in selecting array 


B. 1.2. 1.2 Array Configuration 


J“?iS£.^r2S5 ?:iK a . t ^ r KSc c Si t, ( S,2 r s 
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Figure 5-5), a triangular array : 10 km on a s: 1 ^ data 

remote station will ^ connected “ r £reque ncy 

transfer to the central processing facilii Antral facility, 
standard and timing isriu control communication, 

and for bidirectional! will be maintained in 
The frequency standard for the y the operations 

the central facility, and^from^that^pornt^the^ 

other hardware upkeep, and magnetic-tape archiving. 

Monitoring of the quality of OD and modifications to the 
programmed functions can be performed as required from 
remote array control facilities. 

B. 1.2. 1.3 Station Plan 

Each of the three stations forming a tracking array will 
consist of an antenna for tracking ATDRS and a larger 
antenna for observing natural radio sources. In addition, 

aMfrllay 

remote station will be fully automated subject to routine 
maintenance operations. 

B. 1.2.2 Antenna Control 

A dual-antenna configuration is planned for each ^ h ® 
three stations that make up a single CEI array. This will 
allow simultaneous observations of ATDRS and natural radio 
sources. Components are as follows: 

• Antenna for observing natural radio sources—One 
12-m Cassegrain-f ocus parabolic reflector wit 
subreflector at each of three stations for each 
array, equipped to be fully steerable with a 
slewing rate of 1 degree per second or better 

• ATDRS- tracking antenna — One 2-m dish at each of 
three stations for each array, with very limited 
steering capability as required to accommodate 
stationkeeping activity and normal drifting 

• Antenna control unit— One at each of three stations 
for each array, equipped to provide tracking 
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B. 1.2.3 


accuracy such that each antenna can be pointed 

*;° W1 thin about 37 arcsec and 111 arcsec for 
the antennas just described 

Central antenna monitor and positioning 
computer— One facility for each array 9 


B. 1.2. 3.1 Natural Calibrators 

This subsystem is located at the focal Doint nf fho -i -> 

conversi,„^to^IF V of S signals^f rom W distant ^natural ly° n a ” d 

The?^^ 9 sources of of radio emission, usually quasars 
These sources have tvoirai finv ° y quasars. 

1 Jansky or 10**-26 wLt/((m~f ) * *W* oximatel Y 

SSir!K! e Sr for"simultaneous m 

L r nsrs h oS?a nc L n \^ 

Re?e^ce a ??5 r ? Ximately d0uMe those if ab ° Ut 

Jfe £ fyo g :i^af y f 0 C ofel%f „ "Reiver „ U 1 

s!SL e d ratU fff Ut 45 ° K at K “-banI and Ibout 1 «OK e af Ver 
at b Ku-band°and -SfnT^hf “ b ? less . tha » 1°°°* 

B. 1.2.3 .2 ATDRS Receiver 

MrolfSiEf*’ is located at the focal point of the 2 m 
ATDRS-t racking antenna. it provides fnr thl tne 2-m 
amplification and convercinn J2 ? tor the iow-noise 
received from the geostationary ATOR^ 9 ^?^ signals 

centered at fi fes be T f at of the SGL <Ku-bar>d 

flux density of 9 degrees east- SOurce Produces a 

at the WSGT . as a backup, the capabilifv% W ' iS ^ /( (m ** 2) ~ Hz) 

ATDRS SSA forward-link servicS fs P £rt ^ ™™ bserve the 
also be provided service (S-band at 2070 MHz) should 
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The block diagram for the 

essentially the same as for th « » “ 0 ”^“ LlgA is not 
^^?r^°tK e ^nShs X ?egS?^S 9 may be as much as four 
times smaller. 

B .1 .2 .4 Signal p rnrRssinq and Transmissio n 

The IF signals from each receiver (Ku/S for ^TDRS^tracking 

video^sampled^and^ formatted 1 at°each^receiving^station. 
processing^ acili ty^ Ilt-nat^ely the signal* a -y be sent 

formatted n'SJi’cSJallrSSUSig'iSii^ To observe a 
1 GHZ bandwidth, the signal may be divided rhto severa 

accurate timing data into each subband. 

The subsystems required for timing and signal transmission 
are : 


Optical fiber modem/coupler 


B.l.2.5 


Optical fiber link— A length of 10 km is sufficient 
to connect each remote station with the ^entr 
processing facility, with repeaters as necessary. 

Master 5 MHz frequency standard — It generates a 
5 MHz signal used for timing and synchronization, 
it is not necessary to use a hydrogen maser for 
this purpose. 

Phase calibration— The change in phase of each 
remote station must be monitored and used to 
correct the overall phase stability of the array. 

IF-to-video converters 

Formatter— Functions include clipping/sampling, 
time-tagging, sync block generation, parity 
generation, and mode switching. 

pgrftipt . Correlation. Analy sis, and Archiving 


ThP data recei ed at the central processing facility from 
tTe three^bserving stations is cross correlated to extract 
SiffiranMal Dhase-delay observables. Together with 
pertinent 1 external Information, the interferometric delays 
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are used to produce an updated ephemeri<? , 

components of the correJation ffoim“are: al 

• Demultiplexer/decoder 

# on the latest projection 
of the satellite position for the observation 

S°f^la\le P r?r“L% a ?o OU ^L a tEI i 2o1 r ^a 1 ?L' nUSt 

r P ^r ia --- -reach 

• Correlator — This device will compare the bit 
streams from each channel from each pair of 
stations (a total of three baselines) and 
accumulate the number of matching bits in real time. 

dedicat^ a £ C k~~^ s^ n ^ e ~]? Ur P ose computer can be 
dedicated to performing the Fourier transform 
necessary to calculate the delayobservables 

• Delay observable— This will consist of n h aca 

# meteoroloaica7 IllS ^ rUrnen ^ :al P erf °™ance and 

° gi ? al . informatlon must fa e supplied to the 

rrrrrSa^jrrrctr otaer - 

* information 1 (from “e^d^rT** 1 

ririe^ *" lnPUt t0 th * °'bi“?-a ^ y TiV ^ 

* pi“ilL a ?ha l t s ir:i com r ter taci “t y must be 

suffte?fr,; h fc ? adequate to handle OD with 

the 50-m level C 1 S This t Dror° dU ° e results accurate at 
performed at fho T hls P roce ssmg need not be 
r r^ the arra 7 central facility if 

;&sS? - • 8 s=^.\fff.™js 1 --*- ~ 

is expected, wiih 

implemented under the control T! " 9 ? f s P ace 
computer monitor. ° ntro1 of a system-wide 
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Updated ephemeris— The output from the OD processor 
wiil be used to extrapolate the ATDRS orbit forward 
in time for internal use in such tasks as antenna 
pointing and data correlation. antenna 

B.1.3 SYSTEM SPECIFICATION— VLBI-2S 

The dual-satellite system as specified here is a subset of 

pa; t rSf^H Callb 5 ated systera specifies earlier, „i?Ethosl 
omitted^ • Sd ? olely t0 9“asar observations 

than one "SS.*” 

SK? 

-in beam • *»«li»K 

™gure B 5 I -5 r [ ay th“Iain n t S « t t .° f f ° Ur Sit ® 5 ' sh °"" in 

r^i E s a ^uit h - 

characteristics similar 'to^ATDRS ^ " lbb a ^nal 

extending from East Texas to Southe?n"JaU?o™Ja” k COVera9e 

ATDRSs . ^The^eastern SiJTfEast^exaf l"^ 1 ° bserve a11 three 
ATDRS-C, and the western / C T f* * observes ATDRS-E and 

zs£r.zx T 2XSi„ i ? t 

The IF signals from each receiver (Ku- nr- o v, 

station?^ ^he^aJa'is^hef senff ^"^ted it^ach^Sceiving 

ss &??'E& l 42S£r, t 

observing site? 7 7 ® colocated with one of the common 

Each site will be equipped with the following: 

• One calibrator antenna and receiver 

l Kvfirnn tW ° ATDRS " t racking antennas and receivers 
I Ele^ro n - maSer ^/frequency standard reCeivers 

lectromcs rack to process signals from receivers 
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• Calibration apparatus . . 

• Communications link to transmit data 

• Station control computer 

These should have the attributes described in the sections 
that follow. 


B. 1.3.1 TDRS-Tra c k ' iric l l Antenna 


Fach site will have one 2-m diameter antenna, fully 
steerable, W with slew rates of at least 1 degree per second, 
controller, pointing accuracy of about 4 arcmrn blind, and 
aperture efficiency of 0.5 (gain of 46.3 dB) . 

Th atdrS antenna will observe the ATDRS SGL, centered at 
S 9285 GHn capability of observing the SSA forward link 
f 2070 MHz) will also be provided. The ATDRS receiver will 
be° located "t the focus of the 2- ATDRS "a. Design 
and function are similar to those of 

rorp j v p, . however, the receiver is uncooled, total system 
temperatures of 200°K at Ku-band and 100°K at S-band are 
adequate? and total bandwidths of 260 MHz at Ku-band and 
50 MHz at S-band are adequate. 

B.l.3.2 Time/Fre qnencv Standard 

The hydrogen maser frequency standard shall be monitored 
remotely and by reference to an on-site GPS receiver. 

B.l.3.3 Electronics P ack 

The electronics rack contains modules that select, sample, 
and format the desired signals. It should have the 
following capabilities: 

• IF rH sf ributor — This will distribute signals from 
receiver IFs to videoconverters in any combination, 
under computer control. 

• TF-to-vide o converters (28 tOtall-These convert IF 
signals from the antenna to baseband and filter to 
the desired channel bandwidth. Frequency and 
bandwidth are selected under computer control. 
Frequency range must be at least 500 MHz and 
bandwidth selectable up to at least 2 MHz. 

• formatter — Functions include clipping/sampling, 
time-tagging, synch block generation, parity 
generation, and mode switching. 


B-12 


2055 


„ na1 - a huffer — This should be capable of storing 
* f ormatter output for a 1 -second obaervatro". a 

total of 14 times 4 Mb. This allows later 
transmission of ATDRS observation. 

B.i. 3.4 Calibration Appa ratus 

This shall include 

new Haystack system is adequate), and relative 

EKKrJlS possibly 1 ^ (budded, . 

B.l.3.5 Communi cations Links 

channel, or 4 Mb t°tal_ The ata wil minimum tran sponder 

vol"?? Se ^kl plr second. 'Total transponder volume 
i -l *1 54 mb per hour in normal OD operation, 

additional capacity will be used to " onl jJ- s a " 

control information. Spooling takes 5 minutes. This 
contribution to observation staleness can be reduced by 
higher peak transponder volume. 

satellite data transfer capability will be required for only 
th«e of the remote stations if the central processing 
facility is colocated at one of the common sites. 

b. 1.3.6 station Control Computer 

This will control antenna pointing, data acquisition 
modules, monitor/control data, and communications with t 
arrav control center. The central processing facility will 
perf orm°array control functions. Thedatareceivedfrom the 
four observing stations is cross-correlated to extract 
differential delay observables. Together with pertinen 

external information, the interferometric delays are used to 

produce an updated ephemeris, to be supplied to the s tati 
and to the correlator. Functions include the following. 

• SGL — The SGL will handle up to 12 kB per second 
from each of three remote sites. 

• Demultiplexer/decoder 

• Short-term archive — This enables recorrelation of 
ATDRS observations when a priori delay estimates 
are too inaccurate for proper results, as is 
expected in TR situations. 
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L r?v"" 1 ''“ sea on the latest projection 
° £ b ? e satellite position for the observation 

epoch, an appropriate amount of a priori delay must 
be introduced in order to reduce the delator 

dStf „ ?”• 0ne aela y line is required for each 

data channel to be processed. Data buffering will 
be required if data from the remote stations is 
{;“ s “‘! e 5 sequentially over the satellUe link 
, .® total delay must be enough to allow for total 
difference in signal travel times, both to the 

th| £ sat2llite t l ?n u ! ab ? ut 3 milliseconds) and over 
• link (unknown) * Howsvbt if fhp 

is accumulated for later co^rela?ion ^imaf data 
buffering may be needed. 

C orrelator — This device will compare the bit 
' £r r aach pair of stations ta KtaJ of 

three baselines for each network) and accumulate 
the number of matching bits in near reaftime 

c^elatiia n da^ q f ireS 14 correlator modules , ’ each 

This e da a ta n L a dim p :d°on?rdfsr <4 Channe1 ' 

necessary to calculate the delay observables ThP 
££ a " automated eS seaSh 

B l Obl tot data — Instrumental performance anri 

SXiilKS ffS rEr™^^ 

for known systematic effects. caiiorate 

i^hfomat ion* (from “rSISo at f dEarth ? r j entatl °" 
maintained f ‘r i^t2“Si IZittlTntlTt? 

pro^ided^hlrjr iH com P uter facility must be 
system wide computer monitor. 
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• undated eohemeris--' The output from the OD processor 
will be used to extrapolate the TDRS orbit forward 
in time for internal use in such tasks as antenna 
pointing and data correlation. 

B.1.4 SYSTEM SPECIFICATION - VLGI-GH 

The GPS-calibrated system specified here is similar in 
concept to VLBI-2S except that GPS satellites are used 
instead of a second TDRS-like satellite. Three options are 
considered. In each, clock calibration is performed by 
observations of GPS satellites. Option 1 simply uses the 
GPS satellite as a means of time transfer. Option 2 employs 
omnidirectional receivers that can decode the GPS navigation 
message and uses the precise delay measurements to fit a 
clock model, a tropospheric zenith delay parameter, and the 
GPS orbits themselves. Option 3 employs a small, steerable 
antenna for group delay measurements plus an omnidirectiona 
antenna for phase-tracking measurements of the GPS 
satellites. The clock model, troposphere zenith delay, and 
GPS orbits are then fitted without recourse to knowledge of 
codes. Option 3 is the one of greatest interest. 


In each system, the GPS satellites allow clock 
synchronization. Except for the apparatus involved with 
observing and analyzing GPS observations, these systems are 
identical to the systems called VLBI-2S. Each consist of 
the same components as VLBI-2S plus additional elements 
required to observe and analyze the GPS signals. System 
differences are due to the different frequency, signal 
structure, and nongeosynchronous orbits of the GPS 
satellites. A description follows of the Option 3 system, 
which is the most complex and costly. 


B. 1.4.1 Array Geometry 

Array geometry is chosen so that stations lie within the 
main lobe footprints of the Ku-band SGL to White Sands. 
Geometry is identical to that in VLBI-2S, shown as in 
Figure 5-2. 

The IF signals from each steerable antenna (ATDRS, GPS) are 
converted to video, sampled, and formatted at each receiving 
station. The data are cached for transmission through 
satellite link or leased telephone line to the central 
processing facility. This central facility will control and 
monitor operations at all four sites. The facility may be 
colocated with one of the common observing sites. 
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Each site will be equipped with the following: 

• GPS calibrator antenna (steerable) and receiver 

• Omnidirectional GPS phase-tracking receiver 

• ATDRS— t r acki ng antenna and receiver 

• H-maser time/frequency standard 

• Electronics rack to process signals from receivers 

• Calibration apparatus 

• Communications link to transmit data 

• Station control computer 

These should have the following attributes: 


. • GPS group delay gntenna . This is a 2-m diameter 
antenna, fully steerable, with slew rates of at least 
1 deg/sec, controller, pointing accuracy of about 30 arcmin 
blind, and aperture efficiency of 0.5. This GPS antenna 
. ° bse ^ v ® NAVSTAR satellites once per pass at both 
the LI and L2 frequencies, centered at 1225 MHz and 

llntaS*' « The signals received by this antenna will not be 
a? ® ach frequency, the receiver bandwidth must be 

250K St 20 MHZ and thS system tem Perature not more than 


• S PSPhgge-t raking antenna . This omnidirectional 
antenna shan be able to track the carrier phase of both LI 

S1 H n ?J S l . for Up t0 8 sate Hites simultaneously. The 
antenna shali be designed to mitigate multipath effects for 

The ih™ elevations 20 degrees or more above the horizon. 
The phase-tracking antenna shall read the coarse acquisition 

the c“?lLtor! 9atl ° n meSSage t0 provide * P^ori delays for 


• m Rg-trackinq antenna . This is a 2-m diameter 

tenna, fully steerable, with slew rates of at least 

1 deg/sec> controller, pointing accuracy of about 4 arcmin 

Th^'-c nd ape f tur ® effici ency of 0.5 (gain of 46.3 dBi). 

thj ATDRS°qrr a L e f Ch The ATDRS antenna will observe 

the ATDRS SGL centered at 13.9285 GHz. Capability of 

observing the SSA forward link (2070 MHz) will also be 
^f°Zh de o' ThS ATDRS receiver will be located at the focus 

2 J? ATDRS antenna. Design and function are identical 
to those described for VLBI-2S : (l) the receiver 

and°100 d K at Vband 7 *^* temperatures 200 K at Ku-band 
of 260 °mL ^ S v b ^ J 6 ade< 3 uate '* and (3) total bandwidths 
Of 260 MHz at Ku-band and 50 MHz at S-band are adequate. 

^ * Timg/f rggyigncy standard . The hydrogen maser 

requency standard shall be monitored remotely and by 
eference to an onsite GPS receiver. 
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The electronics — rank. This contains modules that 

si9nals - » 


IF distributor, to distribute signals from 
receiver IFs, to videoconverters in any 
combination, under computer control. 


IF to-video converters (24 total), which 
convert IF signals from the antenAa to 

bandwidth 311 ^??^ i ltSr tC> the des ^- red channel 
bandwidth. Frequency and bandwidth are 

selected under computer control. Frequency 

selectable So £ 1 “7 t 500 MHz a " d Sh 
selectable up to at least 4 MHz. 



switching . 


synch block 
mode 


SSSSSt'"r 0ry ? apable storing formatter 
ATDRS thf. 3 - 1 seeobservation . For the 
V„5 S ' thls 1S 8 channels times 4 Mbits or 

o°f r 

or A1DRS and GPS group delay data. 

Phase ana ^bi”cilih?»M r * 1 '''''',. Items includ e<3 here are 

is adequate); a m.teSrological'sMso^to me” Hays ? ack s yatem 
barometric ore^nrp f sensor to measure local 

possibly a water vapor radfnm^ 6 ' /K d relative humidity; and 
calibration systems ^ < bud 9 et ^). The cablA 

and the GPS receiver systems . ^ lemen ^ fced to bot h the ATDRS 

D«Lg re ?^ r ?he 0 ?re k q B Je^ P o e f fT^ ° r 4 " 

hour, or 24 MBytes/hr Vrinn^ observations is six per 

observations require r 8 MBytes /h I? 0 ™? 1 0D ' the ATDRS 

of the GPS require 10 MBvtes anA* Grou P delay observations 
satellite pass Ar "W® 8 an d are needed once per 

constellation, 'for an averaq^data"^? 1 t6 % f ° r 3 24 ~ satell ite 
Maximum transponder volume hu data rate of 20 MBytes/hr. 

(98 Kbits/aac) at each romo^ U f. a r? ra9es 44 MB ytes/hr 
4 MBytes/hr for each additional ATDRS /he“s ■ t" additional 
small additional capacity willbeusedto ? bserve ?' A 

and control information/ Spooli^the ATORS^Is^vS" 
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takes 320 sec. This contribution to observation staleness 
can be reduced by higher peak transponder volume. 

• S<- =»+--inn control computer . This will control 

antenna pointing data acquisition modules, monitor/control 
da ta? n and° communications with array control center. 

I he t ? ons al The°da t ^received* froi^th^observing 3 stations* 

correlator. Functions include the following. 

. ^Pllife-f n-qrminfl data link. Up to 12 KBytes/sec 
from each of four remote sites. 

• Demultiplexer/decoder. 

• archive . This enables recorrelating 

inaccurate^ or^proper^esults^as^ma^occur^ir^TI^situations . 

• naTav compensation . Based on the latest projection 
nf the satellite position for the observation epoch, a 
appropriate* amount of a priori delay must be introduced rn 
oiler to reduce the correlator search window * s aelay 
correlation is not to be done in real time, this del y 
compensation may be performed in software. 

» Correlator . Device will compare the bit streams 

from each pair of stations (a total of three baselines for 
each of the networks) and accumulate the number of matching^ 
bits. Each baseline requires 8 correlator modu 

observations and 10 correlator modules dat^L^mped 
modules) for GPS observations. Resultant data are du p 

onto disk. 

. Frinoe search. A single-purpose computer can be 
dedicated to performing the Fourier transform necessary to 

calculate the delay observables. The system must be able to 

perform an automated search for the single-band delay. 

• Monitor data . Instrumental perf ? r |? a ^ e ^f orhi^l 
meteorological information, must be supplied to the orbital 
analysis algorithm to calibrate for known systematic effects 


B-18 


2055 



. .UTiZEM. A file Of extract* *.rthor ientatio^ 

information (from the USNO ; routine Alternatively, 

for input to the orbital analy t ^ observations. 

Earth orientation may be estimatea rroro 

adequate 

pnsssfti-su^sss^n;: ^ --ps 

Phase trading, 

should be sufficient. 

, . h : vp a system for automatic data archiving 

control of a system-wide computer monitor. 

* npri^Pd eohemeriji. The output from the orbit 

determination processor^! 11 be used J^r^h tasks as 

orbit forward in time for in er ^ ^ Antenna pointing and 
precision from the broadcast ephemendes. 


B . 2 STAFFING R EQUIREMENTS 




Staffinq levels are estimated for support of interferometric 
tracking sjltems, based on the following assumptions: 

ATDRS satellites are in three orbital slots. 

VLBI systems each consist of five separate sites. 

The CEI system consists of three separate arrays 
with three stations each. 

• Each system has a continuous array! monitor 

support is not considered; only technical-support staffing 
is estimated. 
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B.2.1 STAFFING: VLBI-Q 

A VLB I system calibrated by natural raf u n 

technical support staffing as follow” CeS requires 

• One and one-half FTE site technicians per site 
inspection! E& 

link^and liher'sUe 8 

• Five FTE array operators will provide full fimo 

monitoring of proDer arra^ . e tun-time 

correlator performance ' communications , and 

• correlator technical support requires 

Electronics 


o 

o 

o 

o 


Systems engineer 
Programmer 
RF engineer 

Digital engineer and technician 


Correlator 


o 

o 


Systems engineer 
Systems programmer 


Antenna 


o Mechanic 

° Technician 

Source selection 

0 Scientist 

Maser support 


o 

o 


Engineer 

Technician 


B.2.2 STAFFING: VLBI-2S SYSTEM 

foUowsf SyStem requires technics* support staffing as 

# ?5 6 ^^iw e technician is needed per site 

(5 total) to perform regular and unscheduled 
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inspection, maintenance, and repairs for antennas, 
electronics modules, computers, and data link and 
to perform other site— maintenance functions. The 
reduced staff requirement as compared to the 
quasar-calibrated system is due to elimination of 
the 12-m antenna with the cooled receiver and to 
the somewhat simpler electronics package. 

• Five FTE array operators will provide full-time 
monitoring of proper array and correlator 
performance . 

• Array and correlator technical support requires 
eight FTEs : 

Electronics 

o Systems engineer 

o Programmer 

o RF engineer 

Correlator 

o Systems engineer 

o Systems programmer 

Antenna 

o Mechanic 

Maser support 

o Engineer 

o Technician 

B.2.3 STAFFING: CEI-Q (GROUP DELAY) SYSTEM 

A CEI system calibrated by natural radio sources requires 
technical support staffing as follows: 

• Two FTE site technicians are required per site 
(6 total) to perform regular and unscheduled 
inspection, maintenance, and some repairs for 
antennas, electronics modules, computers, and data 
link and to perform other site maintenance 
functions. The increased staff compared to the 
VLBI-Q system is needed because there are three 
12-m antennas at each site. 


B-21 


2055 



Five FTE array operators will provide full-time 
monitoring of proper array, communications, and 
correlator performance. 

Array and correlator technical support requires ten 
FTEs : 


Electronics 

o Systems engineer 

o Programmer 

o RF engineer 

o Digital engineer 

Correlator 

o Technician 

o Systems engineer 

o Systems programmer 

Antennas 

o Mechanic 

o Technician 

Source selection 

o Scientist 

B.2.4 STAFFING: VLBI-GH 

A VLBI-GH system requires technical support staffinq as 
follows: 


One FTE site technician is required per site 
(5 total) to perform regular and unscheduled 
inspection, maintenance, and repairs for antennas, 
electronics modules, computers, data link, and 
other site maintenance functions. The GPS group 
delay antenna is similar in complexity to the ATDRS 
antenna. The GPS phase-tracking antenna should 
require very little attention. 

Five FTE array operators will provide full-time 
monitoring of proper array and correlator 
performance . 
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• Array and correlator technical support requires 
9 FTEs : 

Electronics 

o Systems engineer 

o Programmer 

o RF engineer 

Correlator 

o Systems engineer 

o Systems programmer 


Antenna 
o Mechanic 


Maser support 

o Engineer 

o Technician 


GPS OD 

o Scientist/engineer 

Use of GPS solely for time synchronization (System 
requires a total of one more FTE than VLBI-2S . The RF, 
antenna, and receiver systems are similar in complexity and 
design to the systems observing the ATDRS . The new , 
different tasks are keeping track of the GPS satellites, 
performing the group delay observations, integrating the 
phase-tracking data, and supporting the GPS OD program. 

B. 3 COST ESTIMATES 

Tables B-l through B-5 present cost estimates for 
interferometric tracking systems. The starting point for 
these estimates is References 5-2 and 5-5. 

Areas modified from that report are (1) consideration of the 
VLBI-2S configuration; (2) reestimation of manpower 
requirements for operations; (3) revision of CEI system 
specifications for measurement of group delay, including 
changes to receiver, fiber-optic link, and correlator, and 
(4) approximately 20 percent inflation allowance to 
translate 1985 costs to 1988 dollars. 
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a le B 1. cost Estimates (in Thousands) 


_ Pesiqn an d Specif icat-.i nn 

Antenna/positioner (ATDRS) 
Antenna/positioner (Calib) 
Receiver (ATDRS) 

Receiver (Calib) 

Receiver (GPS phase) 

Data formatter 
Communications 
Station control 
Time/f requency 
Calibration (WVR) 

Physical plant 
Correlator 
OD (GPS) 

Detailed specifications 
Total 


VLBI-Q 

££ I-Q 

VLBI-2S 

VLBI-G 

$ 10 

$ 10 

$ 10 

$ 10 

100 

100 

— 

10 

35 

40 

35 

35 

45 

55 

— 

35 

— 

— 

— 

10 

50 

100 

50 

50 

100 

200 

50 

50 

65 

200 

50 

50 ' 

5 

5 

5 

5 

25 

25 

25 

25 

75 

100 

50 

50 

150 

600 

125 

125 

— 

— 

— 

20 

22Q. 

400 

240 

260 

$980 

$1835 

$620 

$715 
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Table B-2. Implementation Costs (in Thousands) 


Item 


VLBI-0 CEI-O 


VLBI-2S VLBI-GH 


Antenna/positioner 
( ATDRS ) 

$ 

125 

7 

$ 125 

9 

$ 

125 - 

5 

$ 

125 

Antenna/ positioner 
(Calib) 


2500 

5 

2500 

9 


— 



125 

Receiver (ATDRS) 


90 

7 

90 

9 


90 

5 


90 

Receiver (Calib) 


110 

10 

130 

18 





90 

11 Receiver (GPS 
phase) 


— 


— 



— 



100 

Data formatter 


350 

10 

450 

9 


350 

5 


350 

Communications 


1000 

4 

450 

3 


200 

4 


200 

Station control 


25 

5 

100 

3 


20 

5 


20 

Time/f requency 


500 

5 

100 

3 


500 

5 


500 

Calibration (WVR) 


250 

5 

250 

3 


250 

5 


250 

Physical plant 

— 

9Q0 

5 

1500 

3 

— 

- 600 

5 


700 

Total 

$33230 


$37825 


$10475 


$12600 

NOTE: Entries reflect 

complete system 

cost 

per 

item. 

number 

of items 

in 



5 

5 

5 

5 

5 

5 

4 

5 
5 
5 
5 
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Table B-3 . 


Total Additional Costs for Central Processing 
Facility (Colocated With One Site) (in Thousands) 


Item VLBI-Q 

Physical plant $1500 

Correlation 750 

II OD (GPS) m 

Total $2250 


CEI-0 

VLBI-2S 

VLBI-GH 

$ 750 

$1000 

$1250 

900 3 

500 

600 




120 

$3450 

$1500 

$1970 
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Table B-4. 


Total Costs for Implementation of the Full 
Network (With Antenna, Correlator) (in Thousands) 


Item 

VLBI-0 

Antenna/positioner 

(ATDRS) 

$ 875 

Antenna/positioner 

(Calib) 

12500 

Receiver (ATDRS) 

630 

Receiver (Calib) 

1100 

11 Receiver (GPS 
phase) 

— 

Data formatter 

3500 

Communications 

4000 

Station control 

125 

Time/f requency 

2500 

Calibration (WVR) 

1250 

Physical plant 

6000 

Correlation 

750 

Design and 
specification 

980 

Total design and 
implementation 

$34210 


CEI-O 

VLBI-2S 

VLBI-GH 

$ 1125 

$ 625 

$ 625 

22500 

— 

625 

810 

450 

450 

2340 

— 

450 

— 

— 

500 

4050 

1750 

1750 

1350 

800 

800 

100 

100 

100 

300 

2500 

2500 

750 

1250 

1250 

4800 

3000 

3500 

2700 

500 

600 

1835 

620 

715 

$42660 

$11595 

$13365 
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Table B-5. 


Sustaining Costs (Annual) (in Thousands) 


Item 


VLBI-0 


CEi-g 


VLBI-GH 


Antenna/positioner 

(ATDRS) 

$ 12 

5 

Antenna/positioner 

(Calib) 

60 

5 

Receiver (ATDRS) 

3 

5 

Receiver (Calib) 

5 

10 

11 Receiver (GPS 
Phase) 



Data formatter 

4 

10 

Communications 

1500 

4 

Station control 

4 

5 

Time/f requency 

25 

5 

Calibration (WVR) 

10 

5 

Physical plant 

50 

5 

On-site operations 
personnel 

105 

5 

Physical plant/ 
operations center 

75 

1 

Correlator 

20 

1 

12 Orbit deter- 
mination (GPS) 

— 


Central operations 
personnel 

1190 

1 

Total sustaining 
costs/year 

8720 


Total design and 
implementation 

$33960 


Total sustaining 
cost (10 years) 

$87200 


Total 10-year 
life-cycle cost 

$121160 



$ 12 

9 

$ 12 

5 

$ 12 

5 

60 

9 

— 


12 

5 

3 

9 

3 

5 

3 

5 

5 

9 

— 


3 

5 

— 


— 


3 

5 

8 

9 

4 

5 

4 

5 

15 

3 

120 

4 

150 

4 

10 

3 

3 

5 

3 

5 

4 

3 

25 

5 

25 

5 

.12 

3 

15 

5 

15 

5 

60 

3 

50 

5 

50 

5 

140 

3 

70 

5 

70 

5 

25 

1 

75 

1 

75 

1 

20 

3 

10 

1 

15 

1 

— 


— 


40 

1 

1050 

1 

910 

1 

980 

1 

2650 


236Q 


2695 


$42660 


$11515 


$13315 


$26500 


$23600 


$26850 


$68760 


$35115 


$40165 



NOTE : Entries reflect cost per item, number in complete 

system excluding utilities. 
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The costs shown here for VLBI-GH are for the < 9 5° U P 

delay and phase delay) system. The system calibrated by GPS 
pseudorange measurements would be less costly than the 
hybrid system. The savings would be the cost of the GPS 
group delay antennas and receivers, a small portion of the 
maintenance costs, and the reduction in communications costs 
from halving data transfer requirements. However, costs 
might be increased by security requirements for using 
classified access code receivers. 


In these estimates, salaries have all been estimated a 
$70k/year gross cost. The estimates do not include 
management or other nontechnical personnel costs, 
electricity costs, or any costs associated with a ranging 
system to the AGT . 


B . 3 . 1 COMMENTS 

The costs for 12-m class antennas are in rough concordance 
with estimated costs of $7M for 25-m VLBI antennas. 
Considerable savings may be possible for multiple antennas, 
as in a CEI system, but no such assumption has been made in 
the estimates here. 

Receiver costs are based on the Bendix estimates referenced 
earlier. A differential is made for the natural calibrator 
receivers because they must be housed in a dewar . A further 
differential applies for the CEI natural calibration 
receivers because of the wide bandwidth design required. 

The data formatter for the VLBI systems is assumed to be 
commercially available MK-III components. It is assumed 
that the quasar and the ATDRS observations are 
time-multiplexed. Simultaneous observation would double 
this cost. Recent information indicates that the estimate 
is considerably (30 to 40 percent) below the current market 
quote; however, that is a quote for a single system, and 
there is expected to be more than one vendor soon. 


Communications costs for the VLBI-Q system encompass 
transmitting a peak data rate of 4 MB/sec for the quasar 
observations from each remote site. A cost of $125k/month 
has been quoted. The initial cost ($1M) for setting up the 
link is based on the Bendix estimate and is highly 
uncertain. Life-cycle costs for this link are such that 
construction of a dedicated fiber-optic link would probably 
be cost-competitive. 
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Communications costs for the VLBI-2S system are based on 
commercial rates for a 56-kilohertz wide satellite channel. 
A wider link, at greater cost, would reduce data 
transmission time and observation staleness. Ground-based 
links were not investigated. 

Communications costs for the CEI systems assume fiber-optic 
links to three antennas. A phase-delay-only system would 
require much less bandwidth but a trench just as long plus 
interfaces at two additional antennas. 

Correlation costs for the VLBI-Q system assume a system like 
the new MK-III VLBI correlator at the USNO, but with 
slightiy reduced capabilities. The VLBI-2S correlator would 
be the same but with capabilities further reduced. in each 
case, some additional work is needed to design buffering for 
real-time correlation. 9 Eor 

Correlator costs for the CEI-Q system assume group-delay 
processing of the entire 1-GHz bandwidth. This entails an 
entireiy new correlator design, estimated at 6-8 staff years 
of development effort. The implementation cost may fall 

nh!!r!^ all V hen the new correla tor Chips from Westerbrook 
Observatory become commercially available. A correlator to 

expens ive^ aSedelay data ° nly would also be ver y much less 

^fts f ° r ^ S ^ a 4° n contro1 ' w ater vapor radiometers, physical 
har<3ware maintenance are scaled from BFEC 
estimates. Personnel costs are based on staff inq 
requirements contained in Section B-2 of this appendix. 
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APPENDIX C - PRTS. MPRTS . AND AKuRS MEASUREMENT 

NOISE LEVELS 


This appendix details the range and range-rate measurement 
noise levels used to model PRTS, MPRTS, and AKuRS. Both 
worst case values based on the TDRSS and ATDRSS 
specifications and system-based values reflecting the 
various system aspects are developed. Finally, a discussion 
of the values derived here and those derived operationally 
from the TDRSS BRTS is presented. 

C.l RANGE MEASUREMENT NOISE 

Noise levels in the range measurements for MPRTS and AKuRS 
have been estimated on the basis of typical tracking 
performance for pseudonoise range codes. Due to the 
specific nature of PRTS signal processing, range measurement 
noise for PRTS has been assumed to be 1.5 meters (3 a); 
this value stems from simulation of PRTS signal processing 
conducted as part of the PRTS Phase II SBIR investigation. 
For MPRTS and AKuRS, range measurement noise values may be 
estimated in two different ways, as discussed in the 
sections that follow. The first set of estimates derives 
from the TDRSS specifications and represents a worst case, 
conservative value; the second set of estimates represents 
an approximate calculation based on the systems' respective 
link budgets. 


C.1.1 WORST CASE RANGE MEASUREMENT ERRORS 

The specification for TDRSS services (Reference C-l) 
indicates that, for data rates greater than 1000 bps and 
thus for relatively strong return signals, the "maximum rms 
error contribution to range measurement from TDRS and ground 
terminal equipment" is 10 ns for user spacecraft meeting 
minimum EIRP requirements. In contrast, the more recent 
specifications for the STGT are concerned only with ground 
equipment performance and do not attempt to treat end-to-end 
range measurement performance (Reference C-2) . No 
distinction is made in the specification between one-way and 
two-way range estimates, suggesting that the 10 ns total rms 
range error yields a one-way rms range error of 3.0 m and a 
two-way rms range error of 1.5 m. These values may be used 
to model conservatively the two-way range error noise 
associated with MPRTS and AKuRs, converted to a 3 -a value 
of 4.5 m . 
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C. 1.2 SYSTEM- BASED RANGE MEASUREMENT ERRORS 


Alternatively, MPRTS and AKuRS range measurement noise may 
be characterized more directly by considering the 
performance of the associated PN tracking loops. Tracking 
loop performance may be simplified as a function of input 
signal C/Nq, tracking loop bandwidth B^, and aspects of 
the loop design. Neglecting the specifics of the various 
possible loop designs, it can be shown that the rms tracking 
error (as a fraction of a PN chip) due to thermal noise is 
approximately given by (Reference C-3) 



Clearly, the higher the value of the carrier power to noise 
spectral density ratio and/or the lower the tracking loop 
bandwidth, the lower the range measurement noise. However, 
the loop bandwidth Bl cannot be arbitrarily set as low as 
•desired if the effects of phase noise, rate error, and 
signal dynamics are to be limited. For the PN chip rates 
and carrier frequencies of interest here, phase noise 
effects on PN tracking are not a major concern. The impacts 
due to rate error and signal dynamics may be reduced if the 
PN tracking loop design takes advantage of information 
derived from the receiver's carrier loop. Such an approach 
is taken in the TDRSS second generation user transponder, 
where Bl is reduced to 0.125 Hz. Other receiver designs 
may require higher loop bandwidths; for example, the Wide 
Dynamics Demodulator uses a 4 Hz loop bandwidth in its 
tracking mode. 

The link budgets for MPRTS and AKuRS have been constructed 
to provide sufficient C/Nq to support the data rates 
involved and to reduce the carrier phase-tracking error, 
assuming a reasonable value for the carrier tracking loop 
bandwidth. For MPRTS, the received C/Nq obtained at the 
AGT from two-way turnaround of the PRTS signal reference 
channel depends on the characteristics of the dedicated 
S-band return channel, as discussed in Section 4.1.3.. 
Assuming a single element of the SMA array is used to 
support the dedicated return channel, providing a G/T of 
-11 dB/K, and 1 W of transmit power is used by the MPRTS 
ground station, then Table 4-2 of the study indicates that 
the received C/Nq is 45.9 dB-Hz. In the case of AKuRS, 
the received C/Nq is given in Table 3-4 to be 40.6 dB-Hz. 
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Assuming then that the loop bandwidth is 4 Hz, and knowing 
that the chip rate for both MPRTS and AKuRS is approximately 
3 Mcps, then the range measurement noise levels (1 a) for 
MPRTS and AKuRS can be computed to be 0.72 and 1.32 m, 
respectively. 

C.2 RANGE-RATE MEASUREMENT NOISE 

Noise levels in the range-rate measurements for MPRTS and 
AKuRS have been estimated on the basis of typical carrier 
tracking performance. The conversion of phase-locked loop 
tracking noise to the corresponding range-rate measurement 
noise is discussed below. Two sets of range-rate 
measurement noise estimates are then calculated: worst 

case, conservative values derived from the TDRSS 
specifications and a second, system— based set derived from 
consideration of system thermal and oscillator phase noise 
contributions. 

The process of Doppler extraction is effectively the 
estimation of the received carrier frequency obtained by 
counting positive-going zero-crossings, N(t), over an 
averaging time T av* The estimate, R, of the true one-way 
range-rate, R, is then 



• — 


P 

sa 

n 

>> 

N t+T AV -N ( t ) 

= R + 

6<|> t+T AV — 6<t> ( t ) 


T 

AV 

2ir 

T 

AV 


where 6<t>(t) is the noise in the phase measurement and 
A is the carrier wavelength. 

Assuming that T^y is long enough so that the phase samples 
are l.i.d., which is a valid assumption for T^y greater 
than the inverse loop bandwidth of the tracking loop, the 
one-way rms range-rate error is 


a 

R 


X 

2irT AV 



2 

9 t+T AV 


+ 


2 


°9(t) 


X 

2irT AV 



(1-way) 


where o<p is the rms phase-tracking error in radians. 

For two-way measurements, the measurement process described 
above results in an estimate of 2R. Obtaining R then 
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requires dividing by 2, so the two-way rms range— rate error 
is similarly reduced: 


°A 

R 


X /2 


0 ^ (2-way) 


C.2.1 WORST CASE RANGE-RATE MEASUREMENT ERRORS 

The performance specification for the TDRSS services 
(Reference C-l) gives Doppler tracking performance in terms 
of "phase noise contributions to Doppler tracking resulting 
from TDRS and ground equipment" for TDRSS users meeting 
minimum EIRP levels for a particular range of data rates. 

Use of the term "phase noise" implies that the specified 
value includes all phase noise contributors, especially 
thermal noise and oscillator phase noise. Because Doppler 
tracking performance is specified in this way, it is assumed 
that the specified values reflect the Doppler measurement 
process and must be interpreted in terms of either one- or 
two-way range rate. For MA and SSA return service at less 
than 500 bps, as would be appropriate for PRTS and MPRTS, 
the specified maximum rms phase-tracking error is 
0.4 radians (22.9 deg). For KSA return service at data 
rates greater than 1000 bps, as would apply to AKuRS, the 
maximum rms phase-tracking error is given as 0.2 radians 
(11.5 deg). These two values have been used to provide 
worst case range-rate error values for MPRTS and AKuRS. 

At the S-band forward frequency of 2106.4 MHz, \ is 
0.1424 m; at the S-band return frequency of 2287.5 MHz, X 
is 0.1311 m. Assuming 10-sec averaging and a< p equal 
to 0.4 radians, the one-way range-rate measurement noise, 
appropriate for the one-way range-rate measurements of PRTS, 
is equal to 0.128 cm/sec (1 a). For two-way range-rate 
measurements, as appropriate for MPRTS, the error in the 
estimated R is reduced by a factor of two and, neglecting 
the difference in forward and return frequencies, is equal 
to 0.059 cm/sec (1 a), assuming a worst case tracking 
error of 0.4 radians. At the Ku-band return frequency of 
13.775 GHz, X is 0.0218 m. Assuming 10-sec averaging and 
o<p equal to 0.2 radians, the two-way range-rate 
measurement noise corresponding to AKuRS is equal to 
0.0049 cm/sec (1 a) . 

C.2.2 SYSTEM-BASED RANGE-RATE MEASUREMENT ERRORS 

More representative system-based values may be computed on 
the basis of the anticipated carrier tracking loop 
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kisses ,^»s h ;. o, t c hi 1 i;M;s;. n si , r , ip^ Jss^r 

are tailored to provide sufficient C/Nq to allow an rms 
phase-tracking error of 5 deg (.087 radians). 

Assuming 10-sec averaging and a 9 equai to 5 deg, the 
PRTS range-rate measurement noise due to thermal no 
0.028 cm/sec (1 a). For the MPRTS two-way range-rate 
measurements, assuming a tracking error o eg, 

range-rate error is equal to 0.013 cm/sec (la). For 
AKuRS, the two-way range-rate measurement noise due to 
thermal noise is equal to 0.0021 cm/sec (1 a). 

In addition to the contribution of thermal noise to 
range-rate measurements, oscillator phase noise, Doppler 
quantization noise, and sampling jitter also contribute to 
the measurement error. Of these error contributors, y 
oscillator phase noise typically compares in magnitude to 
the error due to thermal noise. The contribution of 
oscillator phase noise to one-way and two-way range 
measurements has been documented in References C-4 and C 5. 

In PRTS, the range-rate measurements are one-way forward 
measurements at S-band. It can be shown (Reference C-5) 
that the range-rate error due to oscillator phase noise can 

be modeled as 


2 2 2 
r A - c ° Y 
R 1 


W 


2 2 
c °y 


station 


M 


AGT 


where a 2 T AV refers to the zero-dead-timp two-sample 

variance of the fractional frequency fluctuations (i.e., the 
Allan variance for averaging time T^v) of either the PRTS 
tracking station ("station") or the AGT ("AGT"). Assuming 
that the PRTS tracking stations possess frequency standards 
comparable to an oven-stabilized crystal oscillator, the 
square root of the Allan variance for an averaging time of 
10 sec may be taken as 5 x 10 13 . Assuming that the AGT 
frequency standard is comparable to the TDRSS Common Time 
and Frequency Standard, the corresponding value for the 
square root of the Allan variance may be taken as 1 x 10 
(Reference C-5). With these values, the one-way range-rate 
error contribution due to oscillator phase noise is 
0.0335 cm/sec. The phase error contributions due to thermal 
noise and phase noise are independent; therefore, the total 
1-a effect is given by the square root of the sum of their 
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_ rtm a £ c ® s> F ? r the system-based values due to thermal noise 
computed previously, the corresponding total 1-a prts 
range-rate error is 0.044 cm/sec. 

MPRTS e and S ^nRq tW ^h Way ^? an H e_ 5 ate measurem ents as used in 
MPRTS and AKuRS, the effect of oscillator phase noise 

depends, to first order, only on the oscillator that 

generates the original transmitted signal. Here, the AGT 

oscillator determines the phase noise contribution The 

various frequency translations and path delays involved in 

two-way transmission through ATDRSS , however, affect the 

value of the AGT oscillator phase noise contributor. 

Assuming worst case that the ATDRSS frequency system design 

does not incorporate use of return pilots, the range-rate 

(Reference C-5) C as lat ° r Ph3Se n ° iSe ^ be modeled 


2 

o = 
R 


!+<p 


AV 


f SGL^ 2 


'SGL 


+ Q“ 


u 


u 


a T 

y av 


AGT 


® 1S the . two-way turnaround ratio, T AV is the 

freaupti Ve f ag ^ n9 4 -t me ' fsGL iS the ATDRS-to-AGT 
frequency, f u is the ATDRS-to-tracking station frequencv 
Tsgl is the round-trip AGT-ATDRS path delay, and ? q is 
the round-trip ATDRS-to-tracking station pith delay. 

ATnS? U ?L the / TD ? S ! frequency plan and other aspects of 

be assumed fo/tL 7 defined ' typical TDRSS values will 
7 assumed for the purposes of this calculation 

AkSrs ? g y 4aua? ?® qUal 240/221 for MPRTS and 1600/1469 for 

eaualSTnX 1° SSC ' f SGL equal 13 -6775 GHz, f u 

^ i 2106 *1 MHz for MPRT S and 13.77522432 GHz for AKuRS 

valiiP? GL fh nd Tu b ° th equal °* 25 sec * Substituting these" 
values, the range-rate error contributions due to phase 

reinf ? r ^ PRTS and AKURS are 0.0212 and 0.00473 cm/sec 
. P ectlvel Y . For the system-based values due to thermal 

MPRTS ranae^r 3 P^ reV1 ° US ^ y # the corre sponding total l-o 

total svs tem-ha^ed r i^° r 15 °-° 249 Crn/sec; AKuRS, the 

ystem based 1-a range-rate error is 0.0052 cm/sec 

em-based) . Although operation at the smaller 

e"oJ 8 Sue to n t Se™!/ ££ ? CtiVely improves the range-rate 
proves to be thl compares to MPRTS, phase noise 

and MPRTS. dominant error contributor for both AKuRS 
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C.3 DISCUSSION OF MEASUREMENT NOISE VALUES 


The various measurement noise values discussed are 
summarized in Table C-l as 3 -o values. To gauge the 
validity of these values somewhat independently, comparison 
has been made with the values obtained operationally by GSFC 
Code 554 for TDRS position estimation using BRTS 
(Reference C-6). 

The Code 554 BRTS values are directly comparable to those of 
MPRTS since both are two-way ranging systems operating at 
S-band. The Code 554 range error is given as 1.5 m (3 a), 
compared to the MPRTS value of 2.2 m (3 a). Because the 
MPRTS value is worse than (greater than) the Code 554 value, 
the MPRTS range performance is effectively being 
conservatively modeled. The BRTS range value most likely 
arises from variate difference analysis of the observed 
minus corrected (O-C) BRTS tracking data, suggesting that 
the range measurements have been effectively filtered and 
reduced in the process (Reference C-l). Code 554 has not 
confirmed this interpretation (Reference C-8), but, in any 
case, conservative modeling of MPRTS is not necessarily 
undesirable . 

The Code 554 BRTS value for range-rate error is derived from 
an observed rms Doppler deviation of .01 Hz seen in 
operations from the two-way Doppler measurement. Later 
conversations with Code 554 revealed that the rms error 
might be more like .005 Hz (Reference C-8). Converting this 
raw Doppler measurement error to a 3 -a range-rate error 
yields 0.197 cm/sec, corresponding to estimation of 2R. 
Division by two to conform to the conventions of this 
appendix then yields 0.0984 cm/sec (3 a), in comparison to 
0.075 cm/sec (3 o) obtained for the system-based value. 

The magnitude of the discrepancy between the two values is 
J arge and is lively due to the link budget assumed for 
MPRTS as compared to that of BRTS. Unfortunately, the 
Code 554 documentation does not indicate the underlying BRTS 
measurements; therefore, direct comparison is not readily 
possible. In addition, the Code 554 range-rate noise value 
might include other error sources, error sources that may be 
otherwise modeled in the ORAN analysis. 
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ERROR VALUES (3-SIGMA) 


SYSTEM 


WORST-CASE 


SYSTEM-BASED 


PRTS 

- Range (m) 

- Range-Rate (cm/sec) 


0.38 


1.5 

0.131 


MPRTS 

- Range (m) 

- Range-Rate (cm/sec) 


4.5 

0.177 


2.2 

0.075 


AKuRS 

- Range (m) 

- Range-Rate (cm/sec) 


4.5 

0.015 


4.0 

0.015 
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APPENDIX D - PA SSIVE 


DIFFERENTIAL ATDR S /GPS TRACKING SYSTEM 
T.TFF.-CYCLE COSTING 


skips ssistes; a„ a 

assessed in Section 6.3. 

# 

D.l INTRODUCTION 

The Passive Differential ATDRS/GPS Tracking System station 
hardware and software requirements are similar to the P 

mprts station requirements presented in Section 
Consequently?'" the similarities between this system and the 
baseline PRTS and MPRTS systems have been used to Provide 
basis for estimating the life-cycle costs for the Passive 
Differential ATDRS/GPS Tracking System. As discussed in 
Section 6 3, a generic S-band navigation beacon, a Ku-band 
navigation beacon, or the S-band PRTS navigation beacon may 
be employed as the ATDRS ranging signal for the Passive 
Differential ATDRS/GPS Tracking System. Costing of the 
system, however, has assumed use of the PRTS beacon as 
marqinally the most expensive option. In terms of the 
groSid station hardware and software, the choice o any one 
of these three beacons has negligible impact on t 
estimated costs of the ATDRS ranging- signal receiver because 
all require the same functions. By noting I *jj® f 1 
similarities and differences among PRTS, MPRTS, and the 
Passive Differential ATDRS/GPS Tracking System, adjustment 
to the PRTS life-cycle cost estimates can be used to denv 
the passive differential system cost estimates. 

D.2 T.TFE— CYCLE COSTIN G METHODOLOGY 

Similarities among PRTS, MPRTS, and the Passive Differential 
ATDRS/GPS Tracking System can be used to derive a cost 
estimate of the passive differential system based on the 
results of previous PRTS and MPRTS life-cycle cost es^ timates 
(■References D-l and D-2) . The differences among PRTS, MPRTS 
and the passive differential tracking system cost estimates 
are restricted to several hardware subsystems m the 
systems' respective master and remote stations. The prts 
qround stations most closely resemble the passive 
differential tracking systems ground stations in terms of 
hardware and software functions. Eliminating the costs of 
those PRTS station subsystems that are not used in the 
passive differencial system, and adding any additional 
subsystem costs, provides a ready means °j| „ 

life-cycle costs for the Passive Differential ATDRS/GPS 

Tracking system. 
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cv~*-em T f' MP *? TS ' ?? d Passive Differential ATDRS/GPS Trackinq 
System ground station architectures are shown in 5 

igures 4-6, 4-7, and 6-12, respectively. Differences 
between the PRTS and passive differential station subsystems 
are associated with the station clocks, the transmitter and 
antenna subsystems, and the GPS receiver and antenna 

?io-2k S as m fts frL™™ 5 \ a “2 n S l0Ck ^bsysten, usesa cesium 
clock as its frequency standard, whereas the passive 

' 1 i ke MPRTS - uses a thermally controlled 

therefore £i llator - J he COSt ° f the cesium standard can 
therefore be removed from the PRTS station clock subwt-Pm 

??ystafosS!?^t an<3 th S ?° 5t 0f the thermal ly°controlled em 

crystal oscillator used in MPRTS can be used as a 
estimate^ ^ ^ passive deferential system's cost 

Unlike PRTS, the passive differential system does not 
require network clock synchronization and therefore does not 

PR?S^ranLt^ RS As a result, the cost of the 

h , . ansmi tter subsystem can be eliminated from the PRTS 
baseline costs in forming the Passive Differential ATDRS/rpq 

co r s a fo? 9 tK S ^” 1 ' OSt est ir te - For the same reason ?hf S . 
cost of the diplexer in the PRTS antenna subsystem can be 
eliminated in estimating the cost of the passive 

A ™* S ran S in <3 signal antenna subsystem On the 

Passive Differential ATDRS/GPS Tracking System. 

D - 3 PASSIVE DIFFERENTIA L LIFE-GYCLE CORTTwr; 

Figures D-l, D-2, and D-3 present the the Passive 

ana tL :.; 0 c l i:W 1 S2Sti 1 SS 23 

dollars for the item indicated by the block Th« i Q ft. u , 
numbers represent the nonrecurring ^st^nd uS Jfght-h^nd 
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GROUND SEGMENT 
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Figure D-2. Ground Segment Costing (in Thousands, Based on 1988 Dollars) 




PASSIVE DIFFERENTIAL 
STATION 
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numbers are the recurring costs. Multiple blocks (N in 
number) are used in Figure D-2 to make up a node on that 
tree. The total cost of this node is found by adding the 
nonrecurring cost to N times the recurring cost. 

The ground segment breakdown shown in Figure D-2 comprises 
design, development, procurement, and installation of all 
equipment, software, and facilities required to field the 
Passive Differential ATDRS/GPS Tracking System and interface 
fully with ATDRSS . The ground segment is broken down to the 
module level; functions are specifically defined, enabling a 
reasonable estimate of expense for these items to be made. 
The costs emphasize development in order to reduce risk 
associated with fielding a new system. 

Operation and maintenance reflect the staffing and depot 
supplies required to sustain the Passive Differential 
ATDRS/GPS Tracking System over a 10-year period of 
operation. Staffing estimates are conservative and may be 
substantially reduced as computer automation and reliability 
technologies progress. The costs developed for the system 
reflect the worst case possibility of long-distance travel 
by the support crew, costs that could be cut by use of a 
CONUS-based system. 

To perform the costing for the ground segment, the ground 
segment has been broken down into three categories: system 

support, a parts depot, and the nine ground stations as 
required for tracking of the three ATDRSS satellites. The 
ground stations were further divided into station 
subsystems, as shown in Figure D-3. Hardware and software 
modules for each of the subsystems were identified and 
pricing estimates applied for nonrecurring design and 
development and recurring procurement and installation of 
these items. After the costs for each module were 
determined, cost estimates for the subsystems and total 
ground stations were made. All the resources required to 
complete the system were converted to 1988 dollars for 
comparative purposes with the other cost estimates of this 
study. Two principal conversion factors were employed: the 

conversion of staff-years to dollars, assuming a factor of 
$100,000 per staff-year, and the conversion of lines of code 
to dollars, assuming a cost of $50 per line of source code. 
The remaining two categories, system support and depot 
stocking, have used separately developed costing rules based 
on the corresponding percentages of the ground station costs 
used in past ATDRSS life-cycle costing efforts. Those 
estimates themselves rely on the Air Force’s unmanned 
spacecraft cost estimation model (Reference D-3) . 
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8SW! KSSS S' 

^?s a fho”n R II tSe^SES blocks^ in _ Figure R D-3 were 

- H using the UJ.-C ycie ecst ^^^n.CPS 

^eiSer^ni antenna subsystems represent their combined 
procurement, installation, and testing costs. 
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September 1988 

d- 3 Stanford Telecommunications, Inc., STI/TB880161, 

° 3 ‘ tmnpss T.ife-Cy ^e rests Architectural Summaries. 

Revisions, June 1988 
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APPENDIX E - MPRTS and AKuRS LI FE-CYCLE COST UPDATES 


This appendix updates the life-cycle cost estimate for MPRTS 
and provides a rough order of magnitude life-cycle cost 
estimate for AKuRS. During the course of this study, 
life-cycle costs for PRTS and MPRTS were estimated 
independent of the costs of the ATDRSS navigation beacon and 
any associated ATDRSS expenses (References E— 1 and E— 2) . 

Only the ground station development, deployment, and 
operations costs were estimated for those systems. 

Life-cycle costs for AKuRS were not explicitly estimated for 
this study, although they were indicated to be comparable to 
those of MPRTS. 

With MPRTS and AKuRS identified as two prominent candidates 
for future consideration as the ATDRSS Position Location 
Service, the ATDRSS study group at Stanford Telecom was 
instructed to independently update the life-cycle cost 
estimates for those two systems. In general, the ATDRSS 
study group relied upon the MPRTS life— cycle cost estimates 
(Reference E-2) but additionally included the costs of 
modifying the ATDRSS ground and space segments to support 
the navigation beacon. Cost estimates were converted from 
1988 dollars to 1987 dollars to maintain compatibility with 
other ATDRSS cost estimates. Life-cycle costs for AKuRS 
were later developed in a similar manner, using the MPRTS 
equipment cost estimates to substitute for explicit AKuRS 
estimates. The following sections outline the ATDRSS study 
group's findings for MPRTS and AKuRS life-cycle costs. 

E.l MPRTS LIFE-CYCLE COSTS 

The costs of the MPRTS ground stations and their operational 
requirements have been estimated in detail (Reference E-2), 
but, as noted above, impacts to ATDRSS were not explicitly 
costed nor were the estimates made consistent with other 
ATDRSS cost estimates. As assumed through this study, 
three MPRTS master stations and six MPRTS remote stations 
are assumed to be in CONUS, with one master and two remote 
stations supporting each of the three on-orbit ATDRSS 
satellites. Each ATDRSS space-to-ground link terminal 
(ASGLT) is interconnected to one of three selectable MPRTS 
master stations. The MPRTS cost estimates are summarized in 
Figure E-l, showing the results for two distinct options: 
with or without the provision of a dedicated return channel 
to support the return path of the MPRTS two-way measurement. 
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If no dedicated return path is provided, the MPRTS return 
signal would be supported by existing ATBRSS S-band return 
services, most likely the SMA return service. No additional 
cost is then involved, although the required MPRTS contacts 
may adversely affect ATDRSS user services. MPRTS ground 
segment and operations costs were previously . estimated at 
$19.1 million; here, an estimate of $20 million is obtained 
where the difference is due to the change from 1983 to 1987 
dollars, the extension of operations from 10 to 15 years, 
and other minor variations. 

Assuming an S-band beacon is already part of the baseline 
ATDRSS space segment costs, the additional cost due to use 
of the PRTS signal structure in MPRTS is estimated to be 
$10.9 million. This cost was not previously estimated for 
MPRTS and reflects the need for additional channels and the 
associated hardware to support the multichannel PRTS signal 
structure. The resultant total cost of MPRTS is then shown 
to be $30.9 million, representing an increase of 0.9 percent 
to the ATDRSS reference architecture as of April 1989. 

If a dedicated MPRTS return channel is provided, the 
associated costs in both the ATDRSS space and ground 
segments increase. The dedicated MPRTS return channel is 
assumed to be supported by a receiver diplexed on the beacon 
antenna, with additional down converters and receiver chains 
provided at the ground segment. The increased costs result 
in a total MPRTS cost of $45.7 million, a 1.3 percent 
increase above the reference architecture's cost. 

Additional supporting data for the ATDRSS study group's 
MPRTS cost estimates are shown in Figures E-2 through E-5. 
Figure E-2 gives the incremental space segment weight, power 
consumption, and costs associated with the two MPRTS 
options; Figure E-3 summarizes the incremental ground 
segment costs associated with support of a dedicated MPRTS 
return channel; Figure E-4 documents the MPRTS operational 
costs; and Figure E-5 summarizes the ATDRSS spacecraft 
subsystem costs using the cost estimation relationships 
(CERs) of the U.S. Air Force’s Space and Missile Systems 
Organization (SAMSO) unmanned spacecraft cost model (USCM) . 

E.2 AKuRS LIFE-CYCLE COSTS 


Cost estimates for AKuRS have been determined by the ATDRSS 
study group through comparison with MPRTS. As discussed in 
Section 3 of this study, the AKuRS ground stations are 
roughly comparable to those of MPRTS: both systems rely 
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Figure E— 2. Space Segment Cost Overview 
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THIS COST IS APPLICABLE FOR ALTERNATIVE 2 ONLY. 
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[NO ADDITIONAL OPERATIONS COST PER ASGLT FOR MPRTS ALTERNATIVE 
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r 
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1 1 
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STRUCTURE 
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THERMAL 
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POWER 
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50 
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TELECOM : 
ELECTRONICS 
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2088 
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Figure E-5. Spacecraft Subsystem ROM Cost Estimates 
for MPRTS 
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upon two-way measurements and require the development of new 
transponders. MPRTS transceivers would involve more signal 
processing hardware, but, in general, the two systems are 
roughly equivalent. Figure E-6 summarizes the AKuRS 
life-cycle cost estimates, where the ATDRSS study group has 
used the same ground segment and operations costs for AKuRS 
as for MPRTS, assuming that AKuRS uses a dedicated return 
channel. Unlike the situation with MPRTS, the ATDRSS 
reference architecture does not include the costs associated 
with a beacon suitable for use in AKuRS. Accordingly, space 
segment costs for AKuRS shown in Figure E-6 reflect the full 
cost of the AKuRS Ku-band beacon, estimated to be $67.0 
million. The total incremental cost of AKuRS is estimated 
to be $97.1 million, representing an increase of 2.7 percent 
above the cost of the reference architecture. 

Supporting data for the AKuRS cost estimates are shown in 
Figures E-7 through E-10. As with MPRTS, details of the 
space segment, ground segment, operations, and spacecraft 
subsystem costs are shown. 
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Figure E-7 . Space Segment Cost Overview 



AS6LT COSTS 
- DOWN CONVERTERS 


OO 


UJ 

LU 

QC 


NO 


CN 


cn 


pv. - 

- - o 

LT\ — i 


CV| 


ix 

oo 


LU 


UJ 

UJ 

ce: 




CN 


L n 

CN 


5 

O 

•H 

> 

U 

0) 

> 

o 


CD 

OO 

<c 

CL- 

X 


oo 

UJ 

oo 


oo a 
z a 


ct: 

or 

UJ 


LU 


Q —J 

1 


a «=c 

CO 

1 — 

<C f— 

<c 

1 

a 

UJ 

UD 

NO I— 

1 

OO 

<C 

X h— 

<c 


i 

UJ 


UJ UD 

o 

OO 

LU oo 

— 1 

—4 

OC <C 

o<3 





3 ^ 


O 

LU 

0 



a 

i— — 


OO 

X 

00 



a 

221 



< 2 : 

c£ 

a 

CL. 

LU 

CL. 


X 

QC 

X 

00 

LU 

a_ 

LU 



00 


LU 

Z 

LU 

OO 

h— 

UJ 

a 

— * 

X 

Q 

■ — " 

a 

LU 

UJ 


♦ 

oo 

I — 

oo 

a 

UJ 


<3C 

H— 

OO 

oo 

QC 

«=t 


MIS20Q 


2055/0252r 


E-ll 


ASSUMED TO BE SAME AS MPRTS STATION COST 
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Figure E-10. Spacecraft Subsystem ROM Cost Estimates 
for AKuRs 
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AGT 

AKuRS 
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ATDRS 

ATDRSS 

AUS 

bps 

BRTS 

C/A 

CDP 

CEI 

cm 

CONUS 

C R 
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dB 

dBW 

DVLBI 

EIRP 
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FET 
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GPS 

GSFC 
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GT 
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1-0 

k 

kB 
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kg 
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Mb 
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mu 

NASA 

Nascom 
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Global Positioning System 
Goddard Space Flight Center 

Ground Spaceflight Tracking and Data Network 
ground terminal 
gain/noise temperature 
Guam (tracking station) 

Hawaii (tracking station) 
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high-power amplifier 
hertz 
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kilobyte 

kilobits per second 

kilogram 

kilometer 
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meter 

multiple access 

megabits 

megabytes 

megabits per second 
megahertz 

Merritt Island (tracking station) 
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Modified Precise Ranging and Timing System 

mean time to repair 

psec 

National Aeronautics and Space Administration 
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Network Control Center 

National Radio Astronomy Observatory 
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NRZ 

nonreturn to zero 

ns 

nanosecond 

OD 

orbit determination 

ORAN 

Orbit Analysis Program 

osc 

Optimal 21-Satellite Constellation 

phasecal 

phase calibration 

PN 

pseudorandom noise 

PPS 

Precise Positioning Service 

PRTS 

Precise Ranging and Timing System 

PS 

picosecond 

PSC 

Primary Satellite Constellation 

REY 

Reykjavik, Iceland (tracking station) 

RF 

radio frequency 

rms 

root mean square 

SA 

single access 

SBIR 

Small Business Innovative Research 

sec 

second 

SGL 

space-to-ground link 

SMA 

S-band multiple access 

SNR . 

signal-to-noise ratio 

SQPN 

staggered quadriphase pseudonoise 

SPS 

Standard Positioning Service 

SSA 

S-band single access 

STGT 

Second TDRSS Ground Terminal 

STI 

Stanford Telecommunications, Inc. 

TBS 

to be supplied 

TDAS 

Tracking and Data Acquisition System 

TDRS 

Tracking and Data Relay Satellite 
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Tracking and Data Relay Satellite System 

TLM 

telemetry 

TR 

trajectory recovery 

TT&C 

Telemetry, Tracking, and Command 
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TWTA 

USNO 

VAN 

VLA 

VLBA 

VLB I 

W 

WAS 

WHS 

WSGT 

ZA 


traveling wave tube amplifier 

U.S. Naval Observatory 

Vandenberg AFB , CA (tracking station) 

Very Large Array 

Very Long Baseline Array 

very long baseline interferometry 

watt 

Richland, Washington (tracking station) 
White Sands, New Mexico (tracking station) 
White Sands Ground Terminal 
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